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VAW YUYO CALIPOIMIA 
Pyrolytic refractory materials using vapor deposition techniques and combined in 
composites with new carbon fiber materials have demonstrated a unique potential for high 
temperature structural service in a severe rocket thrust chamber environment. A family 
of these pyrolytically bonded (Pyrobond) materials has been formulated which combines 
the erosion resistance of a pyrolytic refractory thrust chamber inner wall with the high 
strength and fabrication flexibility of a carbon fiber composite structure. 
These material systems were evaluated theoretically and experimentally in struc - 
tural and hot firing tests with FLOX/methane propellants. A total of nine different 100-lb 
thrust refractory composite chambers, plus a hafnium carbide coated tantalum-10 
tungsten chamber, seven POCO heavy wall graphite chambers, and six free standing 
pyrolytic graphite chambers were test fired with FLOX/methane propellants at 100 psia, 
A total of 2800 seconds of hot firing was accumulated during three test periods. Com- 
bustion efficiencies between 89 and 98 percent were attained as a function of chamber L* 
values between 10 inches and 18 inches. During these tests, both chamber erosion and 
carbon deposition were evaluated locally in the chamber from the injector to the nozzle 
throat as a function of fuel film flow, wall material, O/F, L*, and duty cycle. 
Two of the most promisi tructural materials evaluated were the 
PG/Carb-I-tex system has been incorp and PG/Thornel composites. 
thrust chamber designs ranging from 25 to 3000 
four fluorinated propellant combinations. Test specimens of the PG/Thornel composites 
have demonstrated tensile strengths in the 50,000 to 100,000 psi range for different 
filament orientations. 
s thrust for evaluation in at least 
Mew strength and modulus data were obtained on Carbitex filament wound compon- 
ents and are presented as a function of 
Carbitex is from 400 to 2000 
ial strength of 
i, depending on wrap angle. 
forming metal -to-ca er composites, both 
romising techniques for 
tor components, 
ThermochemioaB and heat transfer s es were made to define the severity and 
chamber environment in a 1000 
alyses were made of heating rates with 
he chemical eo with the results of other investigators, 
1 
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were used in a thermodynamic equilibrium analysis using various chamber wall materials 
including graphite, boron carbide, boron nitride and tungsten to evaluate chemical com - 
patibility as a function of temperature. 
On the basis of these thermochemical studies, it was concluded that tungsten is the 
least reactive material with the combustion products of OFZ/B2H@ The feasibility of 
using graphite was found to be dependent on rates of reaction which must be determined 
by engine test firings, since heterogeneous reaction rates cannot be predicted theoretically, 
It was also concluded that boron nitride might have less chemical reaction with the @om- 
bustion products of OF2/B2H6 than graphite up to a temperature of 4, 00O0R, 
eposition of an anisotropic form of pyrolytic boron nitride coating on a Carb-I-tex 
a1 wall was not as successful as PG and pyrocarbide coatings due to the larger 
thermal expansion differences for the boron nitride. However, an isotropic form of 
pyrolytic boron nitride was successfully deposit 
nitride may be of value as a chamber liner for 
on a graphite tube. This form of boron 
N 
This technical report covers work accomplished under Contract NM7-555, Phases 
on the development and evaluation of pyrolytic refractory thrust chamber 
during the nineteen-month period from August 1958 through February 1970, 
This program is a continuation of the investigation of improved pyrolytic thrust chamber 
materials conducted under NASA Contracts NM7-54, NM7-262 and NAS7-373 (References 
I through 4). Marquardt port 6142 (Reference 5) covers the work on Contract NM7-555 
from March 1967 through duly 31968 and presents the background and initial developments 
on the materials work presented in this report. 
A, Objective 
The basic objective of this continuing program has been to provide the necessary 
ecraft liquid rocket thrust chambers using technology to design, 
advanced state-of-the-art pyr 
work undertaken in achieving 
ricate and test s 
c refractory materials and composites. The scope of 
oal has included: 
op new material co cepts to achieve 
t high temperature, chemical compatibi 
2 Material Characterization - To evaluate experimentally, material properties 
these materials in severe rocket thrust cha 
ilities which are critical to the p 
2 
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ies - To demonstrate by the design, analysis, fabrication 
complete thrust chamber assemblies, the feasibility of the 
material systems which appear the most promising and define problem 
areas structural limitations and criteria for improved material and 
fabrication concepts. 
8. Related Programs 
In earlier work on pyrolytic refractories, thrust chambers were  fabricated and 
tested with N~Qq/hydrazine blend earth storable propellant combinations. 
current program, all test firings were conducted with FLOX/CH4 propellants. However, 
analytical and design studies included application to both FLQX/CHq and OF2/B2H6 pro- 
pellant systems. During concurrent contracted programs at Marquardt (References 6, 
7 and 8), pyrolytic refractory composite thrust chambers were designed and fabricated 
for testing with the following propellant combinations at the indicated thrust levels: 
Air Force RPL 3000 -Ib CLF3/BA1014 (hydrazine blend) 
NASA-LeRC 100 -1b FLOX/methane 
A i r  Force RPL 25 -1b CLFg/Hydrazine blend 
200 -1b O F , / B ~ H ~  
The material system used in each of the above thrust chamber designs was PG/ 
-tex, which consists of a pyrolytic graphite chamber inner wall deposited on a 
structural shell of Garb-I-tex 713, a filament wound graphite yarn composite manufactured 
by the Carborundum eo. The initial development work on this material system at 
Marquardt under Phase I and Phase of Contract NM7-555 was reported in 
The X/Carb-I-tex system was one of several new thrust chamber fabrication con- 
of this program, Others which were con- cepts investigated during Phase 
ceived and included in the evaluation program w e r e  
1, 
2. 
3. 
LPe 
Multiple lamina pyrolytic ea ide alloys including ternary and radially 
graded compositions. 
High modulus ca wound over a free s pyrolytic graphite 
thrust chamber and 
ytic graphite iafiftr ined with free standing 
The use of vitreous 
in composite structures. 
ashers, high density 
ron nitride materials 
3 
The technology for these newer materials had advanced sufficiently by the summer 
of 1968 that thrust chamber components could be fabricated and test fired with high-energy 
fluorinated pro ellants. A concurrent coordinated program to continue the development 
and test firing 
reaction control engine was supported by a contract with NASA-LeRC 
eference 
aluation of the PG/@arb-I-tex system for 8 100-1b thrust FLOX/LPG 
A historical outline of the development of pyrolytic refractory thrust chambers at 
Marquardt, including PG, PG alloys, and composites is presented in Figure. 1, 
which outlines the development of free standing thrust chambers of pyrolytic refractory 
materials and composites. Concurrent work under these same contracts included material 
development and property measurement as well as work on flat plate stock and washer- 
type nozzle designs. Explanatory notes for Figure 1 are  given in Table 
Details of the 100-lb FLQX/L nd its test firing evaluation are 
presented in Reference 6, which cover -supported engine program. 
Over 900 seconds of firing on FLQX/methane, with one injector, were achieved with no 
plugging o r  overheating during operation at C* efficiencies between 89 to 98 percent of 
theoretical for mber L* values of 10 inches and 18 inches, respectively. During these 
tests with FL 
varied locally in the chamber from the injector to the nozzle throat as a function of fuel 
film flow, wall material, O/F, L*, and duty cycle. 
ethane, both chamber erosion and carbon deposition were evident and 
was concluded that the injector design approach was successful and that with addi- 
tional effort, the design could be optimized to provide high performance and minimum 
erosion and carbon deposition. 
Thrust chambers of nine different material systems, including pyrolytic refrac - 
tories, fiber composites, vitreous carbon, and refractory metals were designed and 
fabricated for structural evaluation and test firing with FEOX/methane propellants e 
Fabrication studies, pro erty measurement, and design analyses were co 
to explore and evaluate newer 
propellant combination. 
teriali concepts for  specific application to the 
The eon Company, participating as a major B contractor, under a continuing 
subcontract, fabricated m ina pyrocarbide allo rs and investigated 
fabrication techniques for ing pyrocarbide/car sites and pyro- 
nitride/carbon er composites 
4 
P 
A. Multilamina hrust Chambers 
1. Previous Chamber Experience 
Seven 100-lb thrust, thick ( ~ 0 ~ 2 5 - i n .  ) walled, laminated chambers with graded 
ZrC-PG composition were fabricated and proof tested during Phase II of this program 
(reported in Reference 5). The highest interna.l pressure withstood by this group of 
chambers was 650 psi. Four of the chambers failed during internal pressure testing due 
to tensile cracking in the inner lamina. Inasmuch as  achieving the potential strength of 
the thick walled chamber at low initial temperatures during rocket ignition depends upon 
uniform transfer of the pressure loads to the outer shells, the inner lamina must be tight 
or even in compression if possible. Apparently this was not the case, so several alter- 
native fabrication variations were evaluated during Phase III and Phase IV of the contract 
which a re  documented in this report. 
Three interacting anisotropic physical phenomena occur in the material which 
vary in degree with chemical composition, temperature, and duration of elevated 
temperature. These a re  the anisotropic thermal expansion, compressive creep, and 
crystal lattice transformation (or growth). Initial simplified analysis indicated that it 
would be desirable to grade the chemical composition of the laminae from a higher ZrC 
content on the outside to pure PG on the inside, so that the laminae would tend to tighten 
during cool down to room temperature from the 1850°C (3400°F) deposition temperature. 
In order to assess the effect of growth and creep on a composite cylinder, a 
ZrC-PG graded Composition multilamina cylinder made of five laminae was 
two hours a t  2500°C. The laminae appeared to be loosened at cool down. 
above 3000 psi. 
5 
2. New Chamber Design 
ytheon undertook the fabrication of additional 100-lb thrust chambers to 
aximum burst pressure attainable and provide pyrocarbide alloy thrust 
chambers for evaluation of erosion in LOX/LPG test firings. The typical thrust chamber 
configurations a re  shown in Figure 2 The design parameters to be covered included: 
a) 
b) 
c) 
d) 
e) 
Wall thickness of 0.125 (ZrC-PG) with three laminae and 0.050 
(HFC -PG) for single wall. 
Alloy composition - ZrC-PG (25, 12 and 0 wt % Zr) with constant 
radial composition. 
Post run anneal or  heat treatment. 
Use of male and female mandrels for deposition. 
Exit expansion cones of 1.5:l and 12:L 
3. Results of Chamber Deposition Runs 
Four of the chambers fabricated by Raytheon and delivered to Marquardt are  
shown in Figure 3. Eighteen furnace deposition runs were made to fabricate thrust 
chambers for structural and test firing evaluation. The furnace process conditions, 
physical data and dimensional data are presented in Tables II, III and IV. Descriptions 
of the furnace runs and the chambers obtained from each run are  given in the following 
paragraphs. The thrust chamber numbering sequence for the Phase 
furnace deposition runs was NIRS-50 through MRS-67. 
and Phase IV 
Chamber -50 (Figure 4) was deposited in a similar fashion to the earlier 
sea level chambers w e exception that the composition of ZrC-PG was held constant 
during the run rather than being graded to pure PG on the inner lamina. The purpose of 
this change was to try to bind the inner laminae tightly to the outer 
entire shell would be load bearing, but this was ccomplished. 
deposition designed for the same purpose as -50, to obtain 
lamina chamber. An exit plug was used in this run to divert the gases after passing 
caused turbulence in the gas stream and nodu the full 
length of the c 
from the throat to improve the deposit in the ion cone. 
the inner 1 
the Plug 
0th chambers were shipped to 
profiles for mbers showed 
tions were changed f 
deposit in the exit cone area 
of the chamber. 
6 
While waiting for additional graphite female mandrels to be fabricated, two 
male mandrel deposits were made to evaluate the feasibility of making the altitude chambers 
by the external deposition technique. 
deposit. The mandrels were machine 
shape that approximated a finished thrust 
from the mandrel for examinatio 
chamber. The thicknesses for bo are  listed in Tab1 
was a repeat of -52, except that 
smooth and fairly uniform in thi 
closed on itself indicating that the outside was in compression. 
Chamber MI%$-54 was the first deposit using the newly received female 
mandrels. A plug was used in the expansion cone to improve the deposit thickness in that 
region. The running conditions were identical (Table 
-50, -53) chambers. The chamber exit plugged after 2-1/2 hours because 
the deposit completely filled the region where the throat and the plug tip met, Undoubtedly, 
the plug was too close to the throat; therefore, for NIRS-55, the plug tip was raised above 
the throat. This deposit ran for the full term, but after removal of the mandrel and plug, 
it was apparent k h a t  again the plug constricted the gas flow and the 
was coated with a rough deposit. The profile was also poor (Table 
to those used for previously 
e of the chamber 
For -56, changes were needed to improve the profile and improve the 
deposit in the expansion cone region. The plug was raised again, the pressure was lowered 
to 7 .5  mm Hg from 10.0 mm Hg, and the temperature was lowered to 1825°C from 1850°C. 
This procedure resulted in a sound chamber which was very smooth over the inside 
surface. The wall thickness profile was thinner than desired, varying from 0.118-inch at  
the injector end to 0.040-inch at the exit. 
Chambers -57 through -62 were deposited in the same way, that is, a 
diffuser plug was positioned in the expansion cone area. The pressure was lowered for 
this series to 6.0 mm Hg from 7.5 mm 
choking that occurred in the throat area in previous chambers. Chambers 
were identical depositions except for time adjustments to obtain a more de 
-56. This change eliminated the 
0 were 0.050-inch thic and 
were identica rcul time adjustments. s were 
emoval was a problem because 
rs cracked during removal. 
e flow was varied 
Oe05 lpm, The 0.15 lpm flow was maintained duri 
el2 was maintained during the middle lamina 
the final laminate, The depositions were ide 
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effects, but both of the chambers cracked while the mandrels were being removed, The 
graded structure apparently either changed: 1) the growth at temperature or  2) the average 
expansion coefficient, so that when the mandrels were removed, cracking occurred in the 
expansion cone area. A redesign of the mandrel may help to correct this problem for 
graded structures, -62, however, had sufficient sound material remaining after 
mandrel removal to ed as a sea level chamber, -56, -57 and -58 were altitude 
chambers with 12:1 expansion cones ( 
The metal content in these chambers was considerably lower than that reported 
-50, even though the only significant process change was a reduction of pressure 
mm Hg to 6 mm Hg. A reduction of this magnitude was totally unexpected. 
Apparently the relative rates of decomposition of the methane and metal tetrachloride 
changed with ressure, resulting in reduced metal content in the deposition. The precise 
explanation for this result is not clear, 
-63 was deposited under conditions similar to those used in deposition of 
the previous chambers, but with a slightly higher chlorine flow to yield a higher zirconium 
content chamber. The deposition was successful, but the chamber cracked during mandrel 
removal because of isolated sticking between the deposit and the mandrel. This is an 
unusual, but not unprecedented occurrence, and no particular reason has been singled out 
as the cause of this problem. 
-64 was a repeat of run 
gas inlet tube plugged 
-58. During the last portion of the run (the 
a malfunction in the retort system used to 
generate the ZrC14 The chamber deposition was thin and the inside layer, which was 
only about 10 mils thick, buckled and rendered the chamber useless. MRS-65 was 
deposited using identical conditions as those for -64 and a sound chamber was obtained. 
After deposition and before cool down, the chamber was subjected to a one-hour anneal at 
the deposition temperature while still on the mandrel. The reason for this operation was 
to promote ffgrowth'l and thereby tighten the three laminae against each other, Visual 
observation of the chamber indicates that this did not happen, The growth-anisotropic 
stress relationsh p is sufficiently complex to make predictions of this kind rather difficult. 
-66 was deposited as a 0,050 wall thickness altitude 
as good and the chamber was sound but cracked during mandrel 
modification to provide a weaker mandrel would solve this 
was too short to t ry  another mandrel design. 
chamber. The 
-67 was deposited utilizing identi 
-inch section was cut from the bo 
and this section was heat treated after removing the mandrel at the deposition temperature 
(1825°C) in argon in order to tighten the laminae, Previous heat treating experiments have 
been: 1) conducted at temperatures far above the deposition temperature and significant 
perating conditions (Table 
of the chamber (excess m 
8 
graphitization occurred, or  2) at the deposition temperature with the sa 
within the mandrel, resulting in growth stresses sufficiently high to 
lamina. The present experiment was designed to allow the inner lamina to 
restricted by the mandrel, and thereby tighten against the outer laminae. 
heating cycle, the laminae were found to have loosened. 
uring the final thrust chamber fabrication study in which 18 chamber d 
t chambers shipped to Marquardt 
' 
tion runs were completed, there were sev 
50, 51, 58, 57, 58, 62 and 65). Chamber 
with FLQX/methane during the January 1969 test period reported in Section 
-58 was received in time to be test fired 
4. Current State-of -the-Art 
Based on the results of these chamber deposition studies, it was concluded 
that: 
a) Multilamina thrust chambers of controlled geometry and thickness 
can be fabricated reproducibly and with good internal surface finish. 
b) Production controls and fabrication techniques need to be improved 
by further development and design studies. 
e) Tightening of the laminae of thick pyrorefractory cylinders was not 
achieved by any of the techniques tried and thus the burst pressure 
potential of this material system was not realized. 
B. J?yrocarbide/Carbon Felt Composites 
Composites made of carbon felts infiltrated with pyro ytic graphite have demonstrated 
ultimate flexure strengths of 10,000 psi using rayon precurso 
precursor, with compressive strengths as high as 65,000 psi 
strengths for the py 
Raytheon materials erence 4) exceeded 40,000 psi trengths above 100,000 
psi were measured. Since these values were more than double the values measured for 
pure PG, it seemed reasonable to expect an appreciable increase in fiber compo- 
site strength if the felts could be similarly Miltrated with the pyroc s. Additional 
flexibility, hardness and oxidation resistance. 
19,000 psi using a wool 
rence 9). Tensile 
rbide materials (ZrC-PG and measured for ealier 
otential advantages over /Carbon felt and materials would be fabrication 
ytheon as reported 
in the Phase I 
obtain uniform im 
the material syste 
achieve a uniform 
ons required to 
9 
Ten furnace deposition runs were made during the Phase %v program to further 
define the impregnation process parameters for the uniform densification of 3/4-inch 
thick carbonized rayon felt with the ZrC-FG alloy, 
The furnace setup for rupl MQF-1 was a square box design, inside dimensions of 
approximately 1-1/22 x 1-1/2 x 10 in. Two of the sides of the box were made of 3/4-inch 
thick carbonized rayon felt. The incoming gases were made to pass through a preheat 
chamber so that by the time the gases were in the felt chamber, they were hot enough 
to crack and react with the substrate. Deposition conditions (Table V) similar to those 
used to successfully deposit pyrolytic carbon in felt structures, were used as starting 
enhancement of gas phase reaction in the pyrocarbide system, even at such a low 
temperature as 1200'6, is greater than was anticipated. 
he run plugged after 15 hours in the preheat chamber, indicating that the 
The setup for run MQF-2 was of similar design as MQF-1, except that the preheat 
chamber was eliminated, the temperature lowered to 1100"C, and the chlorine flow was 
reduced to 0.05 lpm. All these changes were designed to reduce the rate of cracking of 
the gases so that the carbide would be deposited in the interior of the felt. After 35 hours 
of deposition the run plugged and examination of the box after cool down indicated a 
surface coating of sooty material on the felt approximately 10 mils thick, This rate of 
deposition was about 50 times greater than that observed for the pyrocarbon system 
deposted under similar conditions. 
For run MQF-3, the box dimensions were the same. The pressure was reduced to 
10 mm Hg, the rationale being that the lower pressure would reduce gas phase reaction 
by reducing the number of gas molecules available for collision prior to contact with the 
fiber surfaces. e run duration was 40 hours. The material was found to be sooty and 
not usable. 
Larger boxes than those for the first three runs were made €or the furnace setup 
for the next three runs. The sides were 3 x 10 x 3/4-inch, but in all other respects the 
setup was the same. 
epos i tion 4 was run for 20 hours, MQF-5 for 40 hours and MQF-6 for 28 
hours, although it was scheduled to be run for 60 hours. The increased deposition 
temperature (1500°C) increased the efficiency of the process over those runs using the 
lower temperatures, whereas the reduced pressure of MQF-6 improved, at least from 
visual appearances, the homogeneity of the deposits throughout the thickness of the felt. 
WgQF-6 did not slan full term, The gas inlet tube plugged for indeterminate reasons. 
The average bulk and toluene densities of material from runs MQ -4, -S9 -6, -7, and 
-10 are presented in Table 
and to metal composition of the deposit. 
I The variation in densities is due both to degree of buildup 
local density data from MQF-5 given 
density gradient at the top is greate 
show some interesting inform- 
dient at  the bottom because: 
and is the most rich, and 2) the bottom exhaust arrangement 
e outside as  well as the inside walls. The increase of the 
1) the gas is coldest at  the 
allows the gas to deposit o 
toluene density from botton to top shows that the carbide phase is preferentially deposited, 
a fact observed many times before in this pro 
depositions) 
 during cylinder and chamber 
The carbide infiltration runs (MQF-7 through -10) were deposited utilizing the 
methods described before as the T - AP techniques. The sample consisted of a felt pad 
formed into a closed shape such that the gases were required to pass through the fiber 
network. In addition, a temperature gradient was imposed across the thickness of the 
felt, similar to the method developed by the Sandia Corp. (Reference 10). The gases 
enter the network of fibers, decompose and deposit carbide-pyrolytic carbon onto the 
hot side of the felt. As material builds up on the surface of the fibers the temperature 
gradient moves in toward the cold side of the felt and deposits additional material. This 
process is self limiting in that once the hot side of the felt becomes filled with material, 
no additional gas flow is permitted and surface coating of the inside surface occurs. 
However, this technique is relatively rapid and the heavily coated side of the felt can be 
trimmed from the remainder and used for the measurements intended. 
MQF-8 and -9 were not successful runs in that both terminated early due to mal- 
functions of equipment. 
M Q F 4 ,  -5 and -6, deposited by a different technique, were made by simply 
passing gases over the felt with no pressure or temperature differential imposed with 
only surface diffusion operating to densify the felt. Their compositions were considerably 
lower than the later runs mainly because of lower chlorine to methane ratios. 
presents flexural strength data measured on the felt infiltration runs. 
the room temperature flexure data between MQF-6 and MQF-10 shows 
the effect of carbide content on flexural strength by4000 psi for 3% Z r  vs. 5700 psi for 
27% Zr), and the increased te 
in other carbon systems Qe e. 
load parallel to the ab plane. 
direction perpendicular to the 
strength. 
increase in str 
tests were eo 
sor is not isotropic, loading in the 
y yield lower values of flexure 
C. Monolithic Deposits 
VAN NUVS, CALIFORNIA eport $3-989 
MQP-106 was a standard ZrC-PG run, MQP-107 an anisotropic pyrolytic boron 
nitride m, and N-794 an isotropic pyrolytic boron nitride run made under proprietary 
conditions. The ZrC-PG deposit appeared to adhere well to the mandrel, whereas 
neither of the boron nitride materials were compatible with the carbitex. 
successfully deposited isotropic BN on the inside of a commercial graphite tube. 
SECTION Tv 
MATERIALS CHARAeTEHZATION 
A. Pyrolytic Graphite/Carbitex Composites 
n order to design composite thrust chambers of PG/Carb-I-tex and to calculate the 
axial and circumferential stress distributions, it was necessary that values of axial and 
circumferential elastic moduli for Carb-I-tex be known. In pressure tests of Carb-I-tex 
713 chambers, the mode of failure was a gross axial tensile failure of the wall. The 
approach to improving the axial strength was to decrease the wrap angle (Figure 5) 
of the filament winding. 
In order to obtain data on strength and elastic properties applicable to chamber 
design as a function of wrap angle, twelve Carb-I-tex 713 cones were purchased 
from Carborundum Go. The design of the cones is shown in Figure 6. Six of the cones 
were filament wound with a 60" wrap angle and six with a 75" wrap angle. The cones are  
shown in Figu e 7, with strain gages installed. 
The following properties of Carb-1-tex 713 in the filament wound axisymmetric 
form were determined using both the 60" and 75" cones as  structural test specimens: 
1. 
2. 
3. 
Modulus of elasticity in the circumferential direction. 
Modulus of elasticity in the axial direction. 
Ultimate tensile strength in the axial direction. 
he cones were held a t  the large end and internally pressurized, with the small 
end sealed (Figure 8). This setup created maximum stresses in the large end of the 
cone, At an internal pressure of 600 psig, the axial stress 0.6-inch from the large 
end was 1880 psi, per s exceeding the axial strength. The circumferential stress 
was only 5500 psi, we elow the expected hoop strength of the Carb-I-tex. Therefore, 
it was expected that the axial strength determined in this cone under biaxial pressure 
loading would be more representative of the loading in a thrust cha 
obtained from 'loading of a flat test specimen. 
The wrap angle of the cones actually varied with diameter ecause of the 
filament winding machine used, The wrap angle varies as  follows: 
12 
iameter = Constant 
tan a 
where 
a = Wrap angle as defined in Figure 5. 
was possible to reak the cones more than once at successively smaller diameters, 
thus obtaining more data on the variation of axial strength with wrap angle. 
Six of the twelve Carb-I-tex cones obtained were used in the uncoated condition to 
asure axial and circumferential properties. 
for the measurement of composite propertie 
he remaining six cones were coated with 
The Carb-I-tex cones and tubes were fitted with strain gages and pressurized to 
obtain modulus and strength data as a function of the wrap angle. Figure 9 shows circum- 
ferential modulus values from cone data and from tube No. 1. The circumferential modulus 
variesfrom2 x lo6  to 5 x l o6  psi. The axial modulus (Figure 10) follows the opposite 
trend and is considerably lower than the circumferential modulus, ranging from 0.9 x lo6  
to 2 x lo6  psi. One data point was obtained by compressing tube No. 2 (from Phase 
Ref. 5) axially on a Baldwin loading machine. 
Figure 11 shows axial tensile strength as a function of wrap angle as  obtained from 
cones pressure stressed to destruction. Most cones were tested to failure twice, once 
near the large end and then near the small end by remounting the remainder of the conee 
A l l  cones failed axially with the exceptions of Cone No. 1-60, which had a hole blown in the 
side and Cone No. 2-60, which could not be broken because of excessive leakage. Some 
cones with high leakage rates were broken when a very thin plastic liner was used inside 
as a seal. The axial strength was much lower than the circumferential strength. Severa 
60' cones showed circumferential stresses as high as 9600 psi when failing axially. The 
circumferential strength of 75' cones would be expected to be higher. 
The surfaces of the Carb- -tex cones were not as good quality as those of previous 
Carb-I-tex tubes (2-inch diameter) and 100-pound thrust cha 
rough areas with graphite filament breakage existed on both 
nce 5). Numerous 
iques were used to eviate this condition. 
smooth Carb- -tex surface is desired to produce a good quality 
m seems to be small 
er observations made during m size and number of nodules. 
inspection of the cones were as fo 
13 
0 1. The 75 wrap angle cones were smoother inside and outside than 
the 60 cones. 0 
2. he delaminations in the Garb -tex wall were common at  the 
small end of the 60' cones- 
3, None of the cones were completely smooth or free from 
small rough areaso 
Six of the Carb-I-tex cones were coated with PG according to the following schedule: 
Cone Wrap 
Angle (Minimum) 
(degrees) 
60 
75 
60 
75 
60 
nside PG 
Coating 
(in. ) 
0.025 
0.025 
0.050 
0.050 
0.025 
Outside PG 
Coating 
(in. ) 
None 
None 
None 
None 
0.025 
75 0.025 0.025 
The resulting tubes had good quality, well bonded coatings both inside and outside. 
Surface flaws in the Carb-I-tex are still apparent in the PG surface after coating. The 
cones are  still available for further testing of the effect of these flaws on pressure 
failure modes. 
B. Thornel Reinforced Pyrolytic Carbon 
1. Description of Test Specimens 
esting was completed on the Thornel-50 wound, pyrolytic ca 
composite ring specimens which were prepared and partial 
eference 5). he specimens were prepared by 
pool shaped mandrels - each divided 
specimens were obtained from each into four sections as show 
ation, are shown i 
n in Figure 14. 
14 
ament wound without additives or  speci 
infiltration. Cho e added to Spool No. 2 during 
o form a network o ace between th 
the shear stre 
composite. The same objective was pursued in preparing Spool No. 3 by c 
fibers of the Thornel 
o accomplish this, the ya abraded with a s inding. Spool 
No. 4 was wound with the addition of carbon black and furfural  binder to f i l l  the potential 
pores and also for the purpose of improving the composite shear strength. The subsequent 
PG infiltration process provided inter-filament bonding within the yarn for effective load 
transfer. 
ective of this addition wa 
rn itself to bridge the space betwe 
2. Discussion of Test Results 
The results of the tensile test of the rings using the NOL Split-D technique 
are shown in Table X and plotted in Figure 15 as  a function of specimen thickness. 
Because of the effect of bending moment on the test section, the thinnest ring would be 
expected to produce the highest apparent tensile strength, provided the materials a re  uniform 
and without major defects. Without a prior knowledge of the magnitude of this bending 
moment, its actual effect cannot be accurately assessed. The effect depends not only on 
the magnitude of the maximum strain which the composite undergoes, but also on other 
iktctors such as its modulus and the mismatch between the diameter of the Split-D fixture 
and the inner diameter of the specimen. 
If the cross section of the test region of the specimen contains major pores 
o r  other defects, a defect of a given size would have the largest influence on the thinnest 
specimen. In the macrographs and micrographs of these specimens, it was noted that 
many lacked uniformity and denseness in packing. Figures 16 through 19 show the Section 
C from each spool as examples of the cross sectional microstructure. The influence of 
porosity and other defects on the mechanical properties can be seen in the degree of data 
scatter for the n specimens (Section ) in Figure 15* 
5 
Thornel filaments were  wound over pyrolyzed felt. Although the felt layer was designed 
to be O3 20-inch thick with a Thornel wrapping of 0.050-inch9 it was  noted in the lOX 
shown) that some variation in these values was obtained in the actual 
average, there was approximately 0,lO-inch of felt, with approximately 
nel. Since the underlying fe /PG material contributes little to the tota.1 
strength, the actual PG/Thornel strength is much larger than the indicated strength. 
The 750X photomicrographs (Figures 20 and 21) of representative sections of 
each spool show the details of pyrolytic coating over each fiber within the yarn, and in some 
cases, regions of more massive depositions around the yarns. The pyrolytic graphite 
position around each filament in Spool No. 1 (Figure 20A) was uniform (approximately 
0.05 x  in. with no preferentially high deposition rate over the outer fiber of the yarn. 
In Spools Nos. 2 and 3 (Figures 20B and 2 U ,  respectively), however, the coating rates 
were higher. Each fiber was coated with approximately 0.10 x to 0.20 x in. of 
PG, whereas heavy coatings occurred around the periphery of yarn bundle adjacent to the 
voids (which constitute the primary passageway for infiltrants). The absence of the 
corresponding heavy coating in the large voids of Spool No. 1 is not adequately explained. 
It would appear that the chopped fibers introduced in Spool No. 2 and the frayed yarns in 
001 No. 3 served to open up the primary passageways to allow free flow of infiltrants 
permit the heavier deposits. In Spool No. 4 (Figure 21B), however, the PG coating of 
the fiber was less than in the others, indicating the effect of the carbon black and furfural 
binder in closing up the primary passages. Although not readily evident in the polarized 
light photomicrograph, the stray outer strands of the yarn are tightly embedded in the pyrolyz- 
ed, furfural-bonded carbon black. Because of the blocked primary passages, the coating 
rates of the inner fibers are  reduced, and longer time would be required to infiltrate for 
adequate inter-filament bonding. 
n the basis of very limited data, the following observations are noted: 
le The addition of the chopped carbon fibers into the Thornel 
windings was effective in increasing the strength of PG 
impregnated Thorne reinforced composite, probably by partially 
filling the void between yarn with PG-bonded chopped fibers, thereby 
increasing the overall interlaminar shear strength. 
2. e abrasion of filament while winding the spool did not improve 
infiltration; rather, 
direct damage incurred 
during the knife edge abrasion. The ad 
menk with care should be well heeded* 
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3. fural  and carbon black additions 
e additions can be expected to provide 
improved shear strength of the composite by bridging the 
material can prevent the thorough 
or decrease its rate. The inter-fi bonding within the 
yarn would require a longer processing time. 
etween yarns. On the other hand, the presence of the f i l  
tion by the infiltrant, 
4. Improved winding techniques under conditions of constant tension 
should provide better filament packing. Judicious choice of 
impregnants and impregnation techniques can lead to improvements 
in high strength, high modulus graphite, filament wound structures. 
A s  noted in the microstructure of Spool NoO 4 specimens with the carbon 
black/furfural impregnant, some of the outer filaments of the graphite yarn were 
completely encased in the pyrolyzed impregnant, If means were devised to impregnate 
thoroughly into the inner regions of the yarn, it may result in a produce superior 
to the PG infiltrated structure. Currently, all resin materials undergo considerable 
shrinkage ( ~ 2 0 %  or more) requiring re-impregnation to obtain reasonably low porosities. 
The use of PBI (polybenzimidazole) resin with high char yield is an attempt to accomplish 
this purpose. The shrinkage of PBI during carbonization is claimed to be approximately 
10%. Preliminary studies conducted by the Narmco Research and Development Division 
of the Whittaker Corporation showed carbonized PBI resin impregnated, thornel re- 
inforced, uniaxial composite laminates to be stronger than corresponding PG infiltrated 
materials. Additional work is required to substantiate these early observationso 
Better testing techniques which do not impose bending moments are available 
in measuring the circumferential tensile strength of ring specimens. A common technique 
es the hydraulic pressurization of an axially restrained internal bladder. A 
method using an axial compression of a solid rubber 
inside the ring specimen has recently been describe 
ide radial expansion 
3. Filament und Thrust Chamber 
igwe 22) consists of free 
nt wound with 
to 208 psig before filament winding, During the trimming and finishing of one of the composite 
chambersg the PG finer cracked and would 
was removed leaving a shell of the Thornel- 
50/PG composite is shown in Figure 23. The cylindrical ch 
cut into t hee  NO tensile rings. A set of *! p 9  blocks (Figure 24) was made and the three 
NOL rings were pulled at room temperature. The tensile strength results are tabulated 
below for the broken specimens shown in Figure 25. 
NOE Ring Test Results 
I.D. Wall Thickness Height Area Failure Aver. 
. 2  Load Stress n. Max.Hn. Min.InO Hn. Sample 
Lbe psi 
1 1.53 e100 e 092 e 758 e 145 8400 57,700 
2 l e 5 3  .LO9 e 102 761 161 7420 46,200 
3 1.53 e096 e 093 e 760 e 144 7720 53,800 
he above level of available strength in the chamber wall would provide a chamber 
pressure capability of over 7,000 psi  if the cold start pressure stresses could be transferred 
to the composite before an inner liner failure. A s  the PG chamber liner heats due to 
combustion heating, the inner liner does transfer the load and, in fact, the PG liner goes 
into compression. 
The carbon composite material consisting of high strength carbon filaments 
and PG bonding appears to have excellent potential for high strength at high temperature. 
However, there are severa fabrication parameters subject to variation for tailoring 
the material to a 
other different types of high 
present time, some of these 
applications by uper Temp Coe 
The carbon yarn Young's modulus may be varied 
~ o m l t Q l O ( P x 1  nding increase in tensile strength. A number of 
odulus carbon fibers a re  also being devel 
G/fiber material concepts are being deve 
C e  Vitreous Carbon 
Compared to the better known forms of carbon, vitreous carbon possesses properties 
which are desirable for structural applicationse It is isomorphous 
stiff, has good thermal shock resistance, and its g assy structure is 
graphitize) .e0 over 30(600Ce It is a so very hard and it should exhibit good erosion resistance. 
vely strong and 
e (does not 
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However, i ta  so has a serious weakness in i sensitivity to mechanical shock, and a crack 
once started propagates easily and rapidly. is therefore important to protect a vitreous 
carbon struct e from impact-type loads and from high stress concentrations. Vitreous 
carbon as produced by Beckwith Carbon was investigated for application as thrust chamber 
liners. 
Initial investigations involved the use of available cylindrical crucible shapes for the 
combustion chamber section and washer-type inserts for the throat section. A principal, 
nonrecurring expense for such items is the fabrication of a metal transfer mold. Qnce this 
item is amortized, the cost of vitreous carbon liners would be significantly less than the 
cost of pyrolytic graphite liners. 
In preparation for the use of vitreous carbon parts in a thrust chamber, preliminary 
machining tests were conducted at Marquardt. The hardness and brittleness of vitreous carbon 
precludes the use of carbide cutting tools as used in lathe operations. Diamond tools were 
effective in cutoff, core drilling, or grinding operations. Procedures generally used for 
ceramic materials are useful on vitreous carbon. Vitreous carbon is sufficiently conductive 
that EDM (electrical discharge machining) processes are very effective, although time 
consuming. Brass and carbon electrodes were used; both suffered erosion, but the metal 
electrode resulted in a better finish. Because this technique is very slow, it should be used 
for intricate shape cuts where the more rapid, diamond cutoff, drilling, or grinding 
operations are not practical. Ultrasonic machining techniques should also prove to be well 
suited to vitreous carbon materials. 
The brittle fracture characteristic of vitreous carbon by which a crack in the material 
propagates readily through the whole piece could possibly be overcome by introducing 
fibrous carbon reinforcements. This possibility was explored in cooperation with Beckwith 
Carbon Corporation. However, due to several furnace run malfunctions, the results were 
inconclusive. Two approaches were being evaluated. he first was to pyrolyze a phenolic/ 
carbon fiber composite t ifying a normal phenolic 
molded component. Due 20 percent shrinkage in the phe during processing, it 
would be expected that v 
is impervious and free 
h the same furnace cycle used in v 
osite, while the normal vitreous carbon 
proach would be to formulate a 
e pyrolyzation shrinkages would be matched for each 
les developed operating runs on the phenolic carbon fiber s 
problems before satisfactory material was obtained and ited effort was terminated- 
termine the relative oxidation 
resistance of a 
19 
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pyrometer. The exposure time was set for each material to give significant erosion without 
bmnthroughe Some samples were limited to 2-1/2-minute runs, and others were run 8 
minutes. When more &.an one sample of each material was available, test runs were made 
at different surface temperatures by adjusting the torch-to-sample distance. 
The materials evaluated included: 
aphite (as a reference) 
GO graphite (APaXF-5Q) 
3. Copper impregnated POCO (AXF-5QG) 
4. Vitreous carbon (Beckwith) 
5. 
6, PG/Thornel composite 
Fluidized bed pyrolytic carbon (isotropic) 
Figure 26 shows erosion rate as a function of surface temperature for the materials 
tested. The small sample of graphite coated with isotropic pyrolytic carbon burned 
through during the test so that an exact erosion rate could not be determined. It can be 
stated, however, that the erosion resistance of this material was not greater than aniso- 
tropic PG. 
Of the materials tested, POC -5Q) showed the least erosion resistanceD 
Copper impregnated POCQ XF-5QC) gave nearly identical results. Both materials 
eroded about six times faster than PG. The erosion rate of PG impregnated Thornef was 
about twice that of PGo Vitreous carbon eroded at a rate about three times that of PGe 
The vitreous carbon sample cracked in two after 30 seconds of heating, but the test was  
continued with one piece without additional cracking. 
The oxidation rates of vitreous carbon in oxygen, argon, and CQ2 gas mixtures 
at temperatures up to 3000*K have been compared to the rates for pyrolytic and molded 
graphite in Reference 12. The oxidation rates of vitreous carbon and PG were similar 
and they are somewhat lower than those for mo ded graphite. t a surface temperature 
of 3800°K ( 4900°F), vitreous carbon had an oxidation rate in carbon dioxide less than 
one-half that of PG. 
E. 
Copper impregnated POCO-AX graphite is being evaluated as a potential chamber 
lining materiale The potential advantages of the material include: 
1, Strength equal to or  better than 
2, Double the thermal conductivity 
3, Capable of structural operation to the temperature limits of graphite 
28 
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4. 
5. ed heat sink and conduc ooling capability 
6 .  
Reduced brittleness and increased resistance to thermal stress fai 
e r  composite for operation at a1 for combining with a 
high temperature. 
Two other characteristics which have been evaluated in tests were oxidation 
resistance in an oxidizing flame and effect on carbon deposition in a 
chamber. In both tests the performance of the copper impregnated graphite was 
essentially the same as  the pure graphite. 
Another characteristic evaluated was  the mechanism of copper loss during high 
temperature heating. In one series of tests, samples of Cu/POCO were heated in a 
vacuum furnace to nominal temperatures of 2300°, 3Q00° and 3400°F for times of 10 and 
20 minutes. The results are  shown in Figure 27. In a second series of tests, a sample 
of Cu/POCO was heated to 33Q0°F four times. During the first heat up cycle, molten 
copper exuded from the sample surface and the total weight loss was 31.3 percent. During 
subsequent heating cycles the weight loss was 3.0 percent per cycle. After each cycle 
a part of the sample was cut off and the loss of copper examined visually (Figure 28). 
A f t e r  each cycle the copper boundary within the sample was well defined indicating that 
the loss of copper is from an internal effective copper surface. A f t e r  the first heating 
cycle the molten copper is exuded from the pores of the graphite by the difference in 
thermal expansion. On subsequent cycles, no molten copper is seen on the surface and the 
copper is apparently lost by evaporation. 
A similar heating test was conducted with Cu/PQCO sample in which a l/Z-inch 
diameter tantalum tube was inserted. After heating to 3000°F three times, it was 
found that the interface gap between the tube and graphite remained filled with copper 
while the copper loss boundary was again seen at the outside of the sample (Figure 28). 
he results of pre iminary design studies and fabrication experiments de 
the feasibility of fabricating complete lightweight, all carbon, composite thus 
with the potential of 
the same time, a nu 
composite structures. These unknowns include 
y high burst pressures and high operating temperatures. A t  
r of design variables remained uncertain for the various 
lo The values of ther rmal expansion, elastic modulus and 
creep rates of the 
parameters and operating temperatures. 
osites as a function of process 
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2, The residual stresses and nature sf the bonds in the various composite 
structures. 
3. The optimum choice of thickness carbon fiber modulus, wrap orientation, 
etcs to achieve the maximum rocket chamber strength at ignition heat up 
and steady state conditionse 
These design unknowns are a11 amenable do experimental and analytical determination 
in time, but it was decided that a screening program to evaluate fabricability, structural 
soundness and erosion resistance of the chamber liners in a single environment would be 
worthwhile at the present timee 
A. 
The chamber design concepts described below were  incorporated into chamber designs 
for fabrication, pressure testing and test firing with FLOX/methane propellants- Along 
with the advanced composite designs, additional materials and chambers also described 
below were fabricated to broaden the base of comparison and provide additional data on 
the operating characteristics of the 100-lb /methane injectors used. 
1. Multilamina Byrocarbide Chambers 
se chambers have been described in Section 
2, 
3. Free Standing Byrol.ytic Graphite 
Chambers with 10,050 walls were used both as streak test chambers to 
evaluate injector performance in short runs and as the liner for the 
hornel/PQ chambers below, 
40 
ing liner filament wound with Mgh modulus 
carbon yarn to a thickness 0,125 or 0, 
pyrolytic graphite to bond the carbon 
strength composite, pressure tight thrust chamber. 
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5, 
6. 
7. 
8. 
9. 
10. 
11. 
Carb-I-tex 7 13 Chambers 
With and without PG coatings. 
Vitreous Carbon Chamber Liner (Figure 29, bottom] 
Pyrocarbide Alloy (ZrC-PG) Stacked Washer Nozzle Insert (Figure 29, top) 
High Density Lsotropic Graphite (POCO) (Figure 30) 
Used for long run evaluation of injector streaking and deposition plus 
graphite erosion characteristics. 
Refractory Metal Chambers (Figure 31) 
Ta-1OW chambers coated by IITRI (Reference 13) with the carburized 
Hf-1OTa-4.W-0.45: slurry coating. 
Cylindrical section inserted between injector and POCO graphite chamber, 
A l l  of the above design concepts were carried through the design stage and to 
various stages of fabrication, structural evaluation and test firing as  described in the 
following sections. 
e PG/Carb-P-tex Chambers 
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-tex chambers were  proof pressure tested with 
nitrogen to 200 psig without failure. However, the chambers leaked gas through the 
walls indlicat a degree of porosity- 
Previous experience showed that the quality of the PG coating depended 
directly on the surface finish of the PG mandrel substrate. A l l  surface blemishes and 
machining marks are  picked up and propagated through the PG coating, often resulting 
in large nodules. These, in turn, might become points of initiation of failure, 
One Carb-I-tex chamber was sent with its existing finish to Super 
Co. to have a 12:l nozzle extension added. The 12:l nozzle exit cone was fabricated of 
RPG and attached to the Carb-I-tex by a threaded joint- The Carb-I-tex chamber and 
nozzle were then coated inside and outside with a 0.040-inch layer of PG. The chamber 
as received from Super Temp is shown in Figure 34. An X-ray photograph of the chamber 
(Figure 35), as well as visual examination, revealed that the outer layer of PG separated 
from both the RPG and the Carb-I-tex. An axial crack occurred in the outside P G  on 
the exit coneo In finish machining the chamber, most of the loose PG on the exit cone 
was removed. The finished chamber is shown in Figure 36 attached to the injector and 
bipropellant valve. 
The remaining two Carb-I-tex chambers were  used for surface finishing 
studies. The surface finishes on the Carb-I-tex chambers and test cones were not as 
good as on the previously received tubes. There were numerous rough spots which 
appeared to be voids in the material. In some cases, loose fiber ends were exposed. 
A number of methods of grinding and polishing was attempted to eliminate 
the rough spots. A very sharp tool bit at  300 rpm was tried, but the finish was not 
rovedD Hand finishing with fine (600 grit) emery paper gave a reasonably good finish 
in some cases, but rough areas were uncovered on other samples by the sanding. A s  
with other finishing techniques, it was found advantageous to sand in the same direction 
in which the Carb -tex was wrapped to prevent the edge of the paper from picking 
up fiber ends. 
The inside surfaces of the Carb -tex cones were finished 
good finish was obtained on 75' cones, but the 
lapping using 
an anodized aluminum tapered plug. 
had rough areaso 
odules but rough specially on the 600 coneso 
G coating was obtained on the cones 
Grinding wheels we e tried in an attempt to get a 
1-1/2-inch Cratex 
other rough areas 
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e finish was obtained using diamond 
cutting tool gave a reasonably good finish, but best resul ts  were obtained w 
diamond grinding wheel (about 0.5-inch in diameter) mounte 
A surface free from serious rough areas was obtained. 
100-lb thrust chambers were finished in this way using a 
A surface grinding speed of 40 ft. per second was used, 
obtained with two tubes ground with the same whee 
d results were 
One of the Carb-I-tex 100-lb thrust chambers was finished for firing with- 
out a PG coating and the other chamber was coated with a 0.04-inch layer of 
inside only (Figure 37). 
2. PG/Thornel Composite Chambers 
Two pyrobond thrust chamber fabrication concepts were evaluated using a 
free standing PG chamber over-wrapped with Thornel and bonded. These chambers 
consist of thin (0.050-inch wall), pyro ytic graphite liners wrapped with multilayer helica 
windings of high modulus graphite yarns with matrices of either infiltrated pyrolytic carbon 
or impregnated and pyrolyzed PBI resin. The high modulus reinforcements used for 
these chambers were Thornel-50 (Union Carbide), The impregnant resin was PBI 
(Polybenzimidazole). 
The PG liners for the altitude thrust  chambers are shown in Figure 38. The 
Thornel-wound sea level and altitude chamber structures are shown in Figures 39 and 
40, respectively, before PG infiltration. Two-piece graphite inserts which extended beyond 
the liner ends were  placed into the PG liners in order to provide a cylindrical end section 
to prevent slippage during winding of the yarn down the conical section of the chamber liner. 
These extensions were machined off after the completion of the infiltration and impregnation 
and pyrolyzation process. A steel bolt through the axis served to hold the graphite mandrel 
in place and to provide a chucking medium for the lathe. 
Narmco-Whittaker is shown in Figure 41 s 
feed bobbin with the lathe in the backgroun 
he filament winding setup a t  
the chamber in the lathe and the Thornel 
removing the bolts before PG infiltration 
filament-wound chambers the altitude chamber broke in the 
ltration furnace along with roken sections were 
ers  for production o the two sea lev 
wound chambers f ~ r e ~ a t i o n  during r e ~ t i o ~ - p ~ o l y z a t i o n  treatments 
emp. Nodiffic 
ers and the impregnation- 
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3. Vitreous G a  n Thrust Chambers 
Three vitreous carbon crucibles (1.5-in- &a. x 6, &in. length x 0. Qg-in, wall) 
were  purchased for use as 
heavy walled chambero 
obtain a true outer s u r  
crucible was removed by grinding. During grinding of the outer crucible surface, cracks 
developed in the wall at the ground surface, Since the material is isotropic and the bating 
and cooling cycles were very gradual, the existence of residual stresses would not be 
expected. One possibility was the stresses due to mounting during machinhg. Also 
considered was the heating effect of the grinding operation. This heat should have been 
ust chamber liners to be encased in a P 
to use, one of the crucibles was machined by grinding to 
t was round and uniformly tapered, The closed end of the 
1 due to the light cuts taken and the ease of carbon removal, 
The characteristic glass-like pro agation of the wall crack during machining 
demonstrates the need to overcome this property limitation by the use of some re- 
inforc ement technique. 
The two remaining crucibles on hand were also broken during attempts to fi l l  
the crucibles with a potting material to facilitate mounting the part while grinding, A 
ow temperature metal alloy was used to f i l l  the crucible in one case and a plastic was 
eased in the other. he reason for these failures was not clear, However, this experience 
with cracking of th 
out the brittleness of vitreous carbon above norma commercial graphite and the pyrolytic 
graphites 
itreous carbon while grinding, mounting, heating and potting point 
4. 
A chamber of graphite, steel and reinforced pkstic was designed (Figure 29) 
to hold exit nozzle inserts for test firing evaluation. Two sets of ZrC-PG washers were 
fabricated with a aytheon during Phase One nozzle set was 
ion of the chamber was ~ O S  
nuary 1969 time period. 
st  evaluation. 
he second set was ava e for evaluation 
ed because it could not have 
refore, a set of exit nozzle 
Ce 
AlK current carbon ccs mite and Pa tbmst c 
clamping action to sea% the carbon to the metal inter 
(Contract NAS 7-100) demonstrated that PG COUM be 
the mechanical integrity of such a joint was poor under thermal cycling conditions due to 
ent designs employ a 
thermal expansion stresseso However, in a thrust chamber design using a carbon fiber 
composite with a G inner wall, the possible techniques of bonding metal to the carbon 
fiber composite were re-examined. Three techniques e been studied in exploratory 
experiments, namely, brazing, electroforming and plasma spraying. The objective of 
these initial studies was to form a metal-to-carbon joint for operation and thermal cycling 
at temperatures below 2QQQ°F such as those allowable at an injector/chamber interface. 
1. Brazinff 
A study at Marquardt was conducted to determine the practicality of brazing 
PG/Carbon felt (RPG) to itself and to 321 stainless steel and also of brazing Carb-I-tex 
to itself and to stainless steel. An attempt was made to braze the following materials 
using small samples: 
Materials 
RPG-RPG 
Braze Alloy 
Coast 53 
RPG-RPG Palniro 7 
RPG-Cres 321 Coast 53 
PRG-Cres 321 Palniro 7 
Carbitex-Cres 321 Coast 53 
Carbitex-Cres 321 Palniro 7 
The composition of Coast 53 braze alloy is 83.5Ni-6.5Cr-3B-4.5Si-2.5Fee The 
composition of Palniro 7 is 70Au-22Ni-8Pa0 The braze material was applied as a 
paste using Nicrobraz cement as the binder. razing was done in a vacuum at 
1975'F. 
In no case was a good braze achieved. On the 
-Cres 321 samples were the same except that the steel was uniformly 
G-RPG samples, neither 
alloy would we aterial; the braze material did not flow to the interface. The 
results for the 
wetted. There was no bond to the RPG. 
Likewise, no success was achieved in brazing Carbitex to Cres 32L The 
Carbitex and the steel were wetted by both alloys (more uniformly by Coast 531, but the 
joints failed in cooling. A thin 
This failure is due to the difference in thermal 
coefficient of thermal expansion of Carbitex is 1 
This problem is less severe for R 
yer of Carbitex was found adhering to the steel sample. 
tween the two materials. The 
-I9 that of Cres, 9o 3 x IO-%- 
of thermal expansion of 
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may include investigation of brazing metal infiltrated or metal 
of an appropriate material 
e a good bond to be made, 
have been discussed with Super Temp a 
braze alloy and 
in the future. 
2, Electroformed Nickel 
TWO short cylindrical specimens of RPG/ composite were used as a sub- 
strate for electrodeposition of a thick layer of pure lo The appearance of the nickel 
deposit prior to machining is shown in Figure 42, After machining, a 50X photomicrograph 
of the nickel RPG interface (Figure 43 shows the penetration of the nickel into the RPGo 
a. 
To evaluate the structural integrity of the joint, a thermal cycling test 
was run to define the nature of the metal bond failure- The geometry of the test specimen 
is shown in Figure 44 and the experimental heating setup is shown in Figure 45. 
es located as shown i 
thermocouples were 
igure 44 were used to 
edded in the RPG, the inner one monitor the temperatures. 
being near the PG interface and the outer one near the nickel interface, 
In order to simulate thrust chamber performance, the specimen was 
heated from the inside diameter po ion by inductively heating the ends of a cylindrical 
graphite susceptor which passed through the ring specimen. The heating was conducted 
under a moderate vacuum of about 5 x torr (50 micron Rg). 
En an initial coil configuration, the split coil was placed too close to the 
specimen, cawing direct susc 
rapidly on the outside and cau 
interface espec ial y at the position opposite the side with the thermocoup 
nce by the specimene he specimen heated more 
ating beyond the tem rature intended for the N 
modified by using a longer smceptor and placing the two coil 
sections farther 
heating cycle. 
45 was taken during the high temperature phase of the 
this test configuration, mal cycling tests were rogrammed for 
5 cycless each inal temperatures of 90 lSW0 and 2000°F as nitored by the inner 
thermocouple 
considerations of thermal decay of the system. The actual typical cycles are shown in 
t e ~ ~ ~ ~ ~ e  portion of each cycle was determined by practical time 
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Figure 46. The upper temperature for the last series of cycling tests (intended to be 2000O~) 
was not achieved, due to the indirect heating method for the heater-specimen geometry 
used, in which the thermal losses by radiation were excessive. A t  the peak of these cycles, 
the susceptor temperature within the induction coils was -2320'F and the temperature in 
the region of the specimen was -2025 F ,  as determined by optical pyrometry. 0 
b. Discussion of Results 
The temperature experienced by the nickel-RPG bond interface was very 
closely that indicated by the outer thermocouples. From the typical temperature cycles 
(Figure 46), it is noted that the bond interface reached temperatures of approximately 
800°, 1200° and 1400°F during the three cycling series. 
Under the conditions noted, that of three series of thermal cycling tests 
to the temperatures shown in Figure 46, the following observations are noted: 
The inner P G  ring remained intact. 
Although most of the interface between 
the nickel and RPG remained apparently 
well  bonded, a hair line crack developed 
in the RPG near the nickel interface. 
The nickel surface appeared to have small blisters, 
probably due to the vaporization of occluded electro- 
lyte material. This blistering effect began during the 
second cycling series. A slight distortion of the 
nickel band was also observable without the use of 
measuring devices. 
Considerable outgassing occurred during the 
initial phase of the test leaving white de- 
posits on the glass bell jar wall. It is 
suspected that most of the gaseous evolution 
took place in the RPG, possibly that of the 
electrolyte entrapped during the electro- 
forming process 
The physical nickel and RPG is sufficiently 
ing medium for graphite stable to permit nickel to be 
structures under moderate steady or cyclic temperature conditions for a limited but 
undefined period of time. he most severe conditions encountered by the Ni- 
during the final cyclic series was five 25 minute cycles etween 700" and 140 
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period of approximately 6 minutes at the maximum te erature in each cycle, Further 
testing is required to define the various time-temperature cycle conditions under which 
this system is stable, Electroforming conditions should be selected to minimize occlusion 
of electrolytes in the aakkel, or entrapment in the graphitic structure. Preliminary thermal 
treatments which eliminate such entrapped electrolyte slowly may be beneficial to the 
sbbility of nickel-graphite structureso 
C. 
Two short cylindrical specimens of PG were supplied to the Wall Colmonoy 
Corporation of Santa e Springs, California, to have a layer of nickel deposited on the RPG 
by plasma spraying. A f t e r  deposition of approximately a 0,010-inch layer of nickel, a 
tensile failure occurred in the outer layer of RPG and the band of nickel and a layer of RPG 
opened up due e0 the buildup of tensile residual stress in the nickel layer, The layer of 
nickel was still well  bonded to the RPG and the nickel also exhibited fair ductility in bending 
the nickel layer over a 1/4-inch diameter rod. The nickel apparently wetted the carbon 
fibers without causing local failures. The interface is shown in Figure 47. 
This type of joint may work much better on a material such as Carb- 
The nickel layer would serve as an intermediate layer to which other metal parts could be 
joined by brazing or welding. 
Test firings with FLOX/rne ne during the Phase and Phase IV programs were 
conducted during three periods i 
test periods were: 
rquardt's Magic Mountain Cell M-2, These three 
1. August 2 - September 9, 1968 - 47 runs 
cember 28, 1968 - February 11, 1969 - 30 runs 
ly 9 -July 25, 1969 - 2'7 runs 
These test periods were cooperative test programs in support of two NASA programs 
(NAS3-11215 and NAS7-555) h order to achieve reduced hardware and test costse 
The main test objective of the NAS3-11215 testing was the demonstration of the 
.maximum firing durability of the 
The main objectives of the NAS7-555 testing were the determination of the structural and 
erosion resistance capabilities of a variety of advanced materials and fabrication concepts 
with the development of chamber design criteria and guides to improved materials and 
fabric atisn techniques e 
@/Carb-I-tex thrust chamber with a 12:% exit nozzleD 
30 
the test period the primary objective was the evaluation of 
100-1 injector design d under Contract NM3- 1215* Two injector 
design were fabricated, one under NA83-11215 and one under NAS7-555. 
ethane 
The injector design utilized like doublet injection elements and fuel film boundary 
layer injection. 
The final configuration is shown in Figure 48 and the photograph of Figure 49. The 
injector and copper heat sink chamber are  shown in Figure 50, 
he original injector was described in physical detail in Reference 6. 
Evaluation tests of the injector were conducted at the Marquardt Magic Mountain Cell 
M-2 sea level test site utilizing both copper heat sink chambers for combustion performance 
evaluation azd graphite chambers for thermal and erosion characteristics. A listing of 
all test firings and a summary of results are  tabulated in Table XI. 
These test results indicated that the prime injector requirements of efficiency and 
durability were satisfied since C* efficiency in excess of 95 percent was consistently 
demonstrated with smooth ignition and combustion. The requirement of film protection 
was not completely met, since excessive local erosion of the free standing PG chambers 
occurred at  the plane of the injector face. Quantitative erosion data for three free stand- 
ing PG chambers and one POCO graphite chamber are shown in Table XlI. It is to be 
noted that the POCO chamber did not show evidence of upstream erosion or carbon 
deposition encountered by the free standing PG chambersp due to lower wall temperatures 
resulting from the much higher heat sink capacity of the POCO chamber. The PG chamber 
erosion pattern (Figure 51) and carbon deposition (Figure 52) were correlated with the 
regions which were covered by the fuel film jets. The erosion is also correlated with 
regions of relatively high oxidizer concentration as uenced by the injector spray fan 
pattern and combustion reactions This possibility been anticipated with provisions 
for modifying the injector to increase the boundary r film protection a t  minima 
compromise of C* perfo 
The two existing injectors were modified prior to the next test period, which included 
e r  tests at altitude conditions. injector modification consisted 
ring of fuel film injection elements consisting of 12 equally 
ts impinging on the chamber wall in the plane of the injector 
ly 3/4-inch from the 
rovided adequate protection to 
r section was used during 
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]Be Test Period 
he objective of test period was to evaluate the structural and erosion character- 
istics of widely diverse refractory materials and composites in a common FLOX/methane 
combination environment during long duration runs (60 - 1800 seconds). T 
of more than 30 thrust chambers was undertaken between test period I and 
chambers experienced fabrication problems and were either completed too late for the 
January 1969 tests or were not available for testing due to structural problems as discussed 
in the previous section. Twelve thrust chambers were used during Period 
al ten thrust chambers fired during test period 
with an addition- 
The test period runs are summarized in Table Briefly, the test items and 
firing durations were as follows: 
1. Heat sink copper - two chambersp No. 1, 8 runs, 45 seconds 
Free standing PG - three chambers, 3 runs, 58 seconds 
No. 2, 3 runs, 141 seconds 
2. 
3, 
4. 
OCO graphite - one chamber - 5 runs, 5 runs, 194 seconds 
Multilamina pyrocarbide (MRS 58) - one chamber - 1 run, 60 seconds 
5. 
6, 
PG/Carb-I-tex (sea level) - one chamber - 1 run, 40 seconds 
G/Carb-I-tex (12:l exit) - one chamber - 6 runs, 322 seconds. 
Essentially, all of the 860 seconds of run time listed above was accumulated with 
one injector with no indication of injector plugging or overheating during operation. 
Initial test firings during test period with the injector modified by the additional 
fuel film jets showed wall erosion near the injector face, Accordingly, the final 
configuration also included the addition of a short deflection ring welded to the face of the 
injector just  outside the circumference of the oxidizer doublets. This modification, shown 
in Figures 48 and 49, was very effective in reducing local erosion near the injector 
face, No overheating of the ring as shown was experienced. 
-tex chamber (SL-3) with an L* of 18 inches, which was fired for 
ified by attaching a 1 
joint was  formed by 
extension of a 
xit nozzle and 
de of the ass 
(Figure 551, 
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first 60 second firing run with the e chamber at altitude conditions 
ejector, the exit nozzle extension rently failed early in the runo 
e of the exit cone is not known since the pa s of the cone were ejected 
sideways into the altitude ell rather than downstre There was no sign of burning or 
erosion on the cone pieces. One possible explanation is that a lateral deflection of the 
chamber assembly against the diffuser inlet occurred during the start  transient and crack- 
ed the exit cone. 
After the first firing, the chamber was removed from the cell and examined. There 
was very little throat erosion. There was carbon deposit buildup within the chamber and 
throat. There was some minor local erosion at the injector end of the chamber. There 
did appear to be several hairline cracks in the PG inner wall. The appearance of the chamber 
was similar to that of the first PG/Carb-I-tex chamber (SL-1) (Figure 56) which had been 
fired for 40 seconds. 
The first PG/Carb-I-tex chamber (Figure 56) (which also developed hairline cracks) 
was pressurized after the 40 second firing run. A t  50 ps i  there was leakage through the 
wall at the throat. It should be noted that all the uncoated 100-lb Carb-I-tex chambers 
leaked gas at  all pressures when they were pressurized to 100 psig prior to coating. 
Test firing of PG/Carb-I-tex chamber SL-3 with FLOWmethane was continued for 
five more runs. The maximum firing durations were limited by the pressure drop 
increases across the FLOX line filter. It is postulated that this was due to solid crystals 
of HF, since after each run, when the filter was allowed to heat up, the blockage dis- 
appeared. It was the objective of this firing series to run until some definite failure occurred 
in the chamber. A t  the beginning of the sixth run, after successful runs of 60, 47, 60, 
71 and 68 seconds, there was an apparent burn through. Examination of the chamber after 
the run showed failure due to gradual erosion through the PG coating on the wall ahead 
of the throat and then a more rapid burn through in the Garb-I-tex. The PG inner wall in 
the throat region showed nearly uniform circumferential erosion. A t  local areaso where a 
very thin coating of PG remained, the G/Carb-I-tex nd remained intact. There was no 
tendency for the PG to separate from the inner wall of the Carb -tex. The hairline cracks 
did not initiate any local erosion or failure (Figure 56), 
d PG liner erosion rate over total burn time was about 0.12 mil/second 
at the pressure, t e m ~ r a t u r e s  and 
are  presented in 
also indicated 
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Structurally the ZrC- y chamber wa 
fired with P2/BA1014 prop uring the A i r  hamber program (Reference 
14)* The maximum exterior wall temperature re 
lamina chamber was 3150°F as shown in Table XV. 
a three laminae PG chamber 
outside surface of the multi- 
table summarizes maximum 
es measured using the calibrated extended-range photographic film 
estimated interior wall  temperature based on heat transfer analyses was 
close to 5000°F. 
C. Test Period 
The objective of test period was to continue the test firing evaluation of advanced 
chamber material systems not available during the period II tests. Twenty-seven test 
firing runs were completed with ten chambers between 9 July 1969 and 25 July 1969. The 
test firing summary is shown in Table XVI. The ten chambers fired included: 
1. POCO graphite (three) 
2. PG/Thornel/Resin Composite (two) 
3. PG/Thornel/PG Composite 
4. PG/Carb-I-tex 
5. Carb-I-tex (uncoated) 
6. HfC coated tantalum-tungsten 
7. Copper impregnated POCO graphite 
From these test firings, data were obtained on erosion rates, carbon deposition 
and structural integrity of the different material and fabrication concepts. The results 
are discussed below: 
1. POCO Graphite 
graphite chambers were test fired for durations up to 60 seconds. 
Despite relatively slow heating time beca 
was as much as 0- 32 mils/sec 
the longer runs, and it was  no 
increased by the firingso 
e of the heat sink effect, the throat erosion 
he POCO oxidized on the outer surface during 
ost fire proof tests that the 
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2. 
hornel/Resin corn 
of 82 seconds durationo 
chambers tested, good erosion data 
erosion rate (Table XVI) was 0.14 
mils/sec, which is a typical value for pyrolytic graphite, The outer wrap was depleted 
by oxidation from the atmosphere during the test firings, with the residue having the 
appearance of loose Thornel. It was concluded that the Thornel 
did not offer any advantages over free standing pyrolytic for the test conditions involvede 
esin reinforcement 
3. PG/Thornel/PG Composite 
The PG/Thornel/PG chamber was trimmed and pressure checked to 200 psig. 
However, in mounting the chamber on the injector with the tapered seal attachment, the 
clamping load caused a crack in the PG liner at the attach flare. To allow the test firing 
to proceed, a sealing compound was used to fill the crack in the l iner flare and the test 
firing was accomplished satisfactorily. During the 65 seconds of firing a small hole was 
eroded in the side of the chamber through both the PG liner and Thornel overwrap. No 
crack or further failure was initiated by the burn through. 
4. PG/Carb-I-tex 
Chamber SL-1, fired previously for 40 seconds during Test Period 
fired for 40 and 105 seconds during Runs 11 and 12, respectively. 
The chamber pressure varied erratically during Run 12 because of carbon 
buildup in the throat which periodically was ejected. The overall throat erosion rate 
was 0.15 mils/sec. Post test examination of the chamber revealed heavy carbon deposits 
about two inches downstream of the injector face, and thin carbon deposits in several 
portions of the throat. The rest of the combustion chamber and contraction region was 
free of carbon deposits. The PG had been smoothly eroded away in a 90' segment of the 
contraction region, but no evidence of leakage ough the Carb-I-tex was found. There 
were about eight ha 
damage to the Car 
ine cracks in the throat PG coating, which did not cause any further 
5. 
An uncoated Garb-I-tex chamber was g en four test firingss 
run of 61 seconds at erosion was s/sec. Thecha 
good condition after the 
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6. HfC Coated Twgsten 
A tantalum-10 tungsten chamber coated with hafnium carbide by was test 
fired for 10 seconds during Run 27 using the test installation shown in Figure 31, The 
chamber is shown in Figure 57. The coating was completely removed from the throat during 
the test firing- 
Copper Impregnated POCO Graphite 
The two-inch long cylindrical section of copper impregnated P8c 8 graphite 
was clamped between the copper adapter and POCO chamber as shown in Figure 32. 
Looking at the inside of the chamber after Runs 22, 23 and 24, a total of 60 seconds of 
firing, the film cooling impingement patterns were clearly visible. The heating pattern 
was clearly visible by the boundary of copper melting and depletion and by the oxidized 
areas on the outside of the POCO and the copper impregnated (Cu/POCO) sectionso Inside 
the chamber, carbon deposit streaks built up in line and downstream of the six inside 
fuel film jets. There was no difference noted between deposits on the Cu/POCO and POCO 
chamber sections- In regiohs of no deposit the outside wall temperatures were coolest 
in line with the six inside fuel film jets. 
Based on this limited testing and previous heating tests with the Cu-POCO, 
it would be concluded that the chemical and structural performance of the Cu/POCO 
would be the same as straight POCO graphite with the possible advantage of higher thermal 
conductivity and heat capacity. 
SECTION V 
A stress analysis of a multilamina ZrC/PG thrust chamber was made to evaluate 
the possible advantages of this type of structure. The analysis was  made for the conditions 
of a 100 16 thrust engine using FLOX/CH4 at a chamber pressure of 100 psia, a mixture 
ratio of 4.0, a C* efficiency of 95%, and a combustion gas temperature of 6345'F. 
The chamber wal consisted of six laminae of 0- 040 inch thickness each, for a total 
wall thickness of 0.24 inch. Data for the thermal conductivity of ZrC  in PG are  very 
limited but a re  of the same order as pure 
was assumed be identical to that of PGg 
e Therefore, the thermal conductivity 
The specific heat was also assumed to be the same as for eference 4 data 
was used to obtain the density of ZrC/ 
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The transient 
300 second firing a r  
radiating to space with an emissivity of 0. 
es in the combustion c = 1,4 inches) for a 
as assumed to be 
Several distributions of alloy composition were assumed. The first distribution 
studied consisted of 0% Z r  content in the inner lamina, varying linearly to 30% Z r  
(by weight) in the outer lamina. The Z r  content in each lamina was assumed constant, 
and increased between laminae by 6% incrementse 
A transient stress analysis was made of the cylindrical sections of the thrust chamber. 
The results are  shown in Figures 59 and 60, which present the maximum stresses at about 
300 seconds into a run at both surfaces. 
The maximum stress on the inside surface (pure PG) is shown in Figure 59 to be 
about 11,000 psi in the axial direction. The maximum stress on the outside surface 
(30% ZrC) is shown in Figure 60 to be about 28,000 psi in the circumferential direction. 
Alternate distributions of ZrC concentration (30% inside/O% outside; 30% constant; 
0% inside/l2% middle/(% outside; etc. ) did not significantly reduce the stresses for the 
same basic chamber configuration. However, for the same ZrC distribution (0% inside, 
30% outside), a large reduction in stresses is achieved by reducing the wall thickness to 
0.12 or by increasing the chamber diameter to 2.8 inches. These comparisons are also 
shown in Table XVIE. 
A. Stress Analysis Program 
The Marquardt non-homogenous, anisotropic stress analysis computer program 
was used to calculate stress profiles for the engine configuration being studied. This 
program calculates stresses and radial displacements in a Cylindrical tube of constant 
symmetric temperature 
ion and incorporates internal pressure tresses. The program was 
ritten for studies on pyrolytic graphite, which is a transversely isotropic 
complete axial restraintp finite end 
growth (permanent d e f o ~ a ~ o n ) ,  creepg 
nt for each el 
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Another feature of the program is the so-called post run analysis, which corresponds 
Lo a cooling down of the cylinder under no external loads. The resulting final stresses 
in this case are due to 
loaded case. 
e anisotropic residual stresses and to any growth during the 
In addition to this basic program, a version of the program was modified to handle 
chambers with delaminations. This was done by requiring that a positive (or tensile) 
radial stress could not exist between two delaminations. 
predicted such a situation, the stresses were redistributed so that this situation did not 
exist. 
f the original calculations 
SECTION VIII 
THERMAL and THERMOCHElVIICAL ANALYSES 
Thermochemical and heat transfer studies were made to define the severity and 
composition of the thrust chamber environment in a 1000 lb. thrust OF /B2H6 rocket 
engine. Heat transfer analyses were made of heating rates with OF /d2H6 and compared 
were used in a thermodynamic equilibrium analysis to evaluate chemical compatibility of 
various chamber wall materials including graphite, boron carbide, boron nitride, and 
tungsten as a function of temperature. 
with the results of other investigators. The chemical composition o 3 the combustion gases 
A. Heat Transfer Analysis 
Heat transfer analysis was done to predict the wall temperatures for several chamber 
design concepts. A l l  analysis was done for a thrust chamber producing a space rated 
thrust of 1000 lbs. at a chamber pressure of 100 psia and a mixture ratio of 3.0, using a 
throat diameter of 2.6 inches. 
he thrust chamber contours used in the materials selection are shown in Figure 61. 
Contraction ratios of 2,O and 60 0 were used, with L* values of 16 and 46, respectively. 
The portion of the chamber more than two inches downstream of the throat was not 
considered in calculating heat loads. 
The combustion temperature of OF at 100 psia is shown in Figure 62 over a 
0 and a C* efficiency of 95 percent, the range of mixture ratios. A t  a m 
combustion temperature is about 
heat loads. 
which was used in the c culations of chamber 
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he convective heating of the thrust c er wall was calculated from the 
fied by the reference enthlp 
at for a wall temperature o 
experimental data from several sources. 
sources is fairly unifo , approximately 
ratio or type of propel 
a t  flux from a 
stratification used. 
The total heating rate to isothermal chambers at  various wall temperatures is shown 
in Figure 63. The total heating rate is somewhat greater for the contraction ratio of 2.0 
than for the contraction ratio of 60 0. Turbulent convective heating without any film 
cooling was assumed throughout the chamber. An attempt to induce laminar heating rates 
at the throat of a 1K chamber with a contraction ratio of 8:l is reported in Reference 15. 
However, the throat heat flux, shown in Table WIII was still about 5.4 BTU/in2 sec. 
The cooling capacity by sensible heat absorption of various liquid propellants is shown 
in Figure 64. The amount of sensible heat which can be absorbed in the liquid phase depends 
on the supply temperature at which the propellant is provided. The maximum possible 
amount of cooling corresponds to supply just above the freezing point, with subsequent 
heating to the boiling point at  the chamber pressure. Actual cooling systems would have 
to operate over a somewhat narrower temperature range to maintain liquid propellant 
throughout the system. The maximum possible sensible heat absorption of liquid B H 
is 140 BTU/lb. 2 6  compared to 260 BTU/lb. for MMH. 
The cooling capacity of diborane is indicated in Figure 65, which presents the potential 
heat absorption rate of fuel cooling as a function of the percent of the total fuel flow 
(0.68 lb/sec) which is used for cooling. If all of the diborane could be heated from the 
freezing point and vaporized, about 250 BTU/sec. could be absorbed. Additional heat 
could be absorbed by the vaporized diborane if the cooling system could transfer heat into 
the diborane gas. The enthalpy-temperature relationship for gaseous diborane (Figure 
66) shows that gaseous diborane could absorb 740 BTU/lb. by being heated to 1000°F, 
is approximately the limit temperature 
he temperature to which an isothermal 1K chamber (contraction ratio of 6:1) 
diborane are s 
were used for c 
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regenerative cooling could use the heat of porization of the diborane, the lower 
Pine in Figure 67 could theoretically be achieved. 
is still too high for conventional types of regeneratively cooled structureso In order to 
achieve wall temperatures below the Power curve, the cooling of gaseous diborane would 
ve to be utilized, perhaps by gaseous film cooling or by gaseous regenerative cooling. 
0th of these methods would be difficult to implement. 
ever, the isothermal wall  temperature 
The principal conclusion to be drawn from the heat transfer analysis is that the 
cooling capacity of the diborane for the 1K engine is very limited, even for the optimistic 
and idealized heat balances used in this analysis. 
Bo Thermochemical Analysis 
Thermochemical calculations were performed to evaluate the suitability of a number 
of materials when exposed to the combustion products of OF2/B H Those materials 
evaluated were graphite, boron carbide, boron nitride and tungs %e ne 6o 
The analysis consisted of calculating the composition of mixtures of the combustion 
species in thermodynamic equilibrium with a large amount of the candidate wall material 
at temperatures from 1000°R to 7000°R. 
The weight ratio of initial wal l  material to the combustion products was usually 
assumed to be 20:l. Any reduction in the initial amount of the wall material may indicate 
the potential for chemical reactions between the wall and the combustion species. However, 
it is impossible to estimate the rate of such reactions unless experimental data are available 
describing the kinetics of the reactions. Such kinetics data is not presently available for 
most of the combustion species and wall materials studied. 
1. Chamber Environment 
The principal gaseous combustion species of OF2/B2H6 for a mixture ratio 
BOF, H 
of 3% 0 and a chamber pressure of 100 psia are plotted in Figure 68 for temperatures 
from 1000°R to 7000'R. The principal gaseous species above 3000°R are H 
and IHF, A more precise compliation of combustion products is given in Tal% XIX which 
is normalized to include so id species such as 0 
species at low tem ratures is somewhat smaller m Table X 
Therefore, the mole fraction of gaseous 
2 .3* than in Figure 68. 
Below 3Q00QR, the princi 
also produce solid 
which melts at ap 
out 4000°F. 
er wall which 
B 0 will deposit or condense on 2 3  
4 
Another factor to consider in evaluating the chamber environment is the 
possibility that the B2H6 will be used for film cooling of the chamber wall 
the mixture ratio adjacent to the wall would much lower than the overal 
assumed in the analytical study. The use o 2H6 film cooling would resu 
of the B2H6, creating a boundary zone with a large amount of H and boron. The boron 
might deposit on the chamber wall. This effect was found in the experimental measurements 
in Reference 15, which reported that about 90% of the gaseous species adjacent to the wall  
of chamber film cooled with B H was hydrogen, Wall deposits near the injector consisted 
of about 94% boron and 4% B28 Near the throat, the effect of the decomposition of B H 
film coolant had diminished so %hat on y 31% of the solid wall deposits was boron, while 69% 
was B2O3* 
2 
6 
2 
2. Graphite 
a. Compatibility with Combustion Species 
The equilibrium composition of a mixture of the combustion products of 
OF /B H and a 20:l weight addition of graphite is presented in Table XX. Reactions 
are indcated by the presence of carbon bearing reaction products. Therefore, it can be 
seen that reactions occur at all temperatures. Methane is the predominant product 
at  temperatures below 400O0R, while carbon monoxide and acetylene become more 
prevalent above 4000%. 
2 6 
b. Compatibility with B S 3  - 
A calculation of the free energy change for the reaction 
shows that the reaction w begin at  about 3500' 
e. Compatibilit~ with Boron 
e is predicted on the asis of free energy cha 
e Again, as in the reactions with the comb 
rate of the reaction cannot be predicted. 
d. 2- 
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3, Boron Carbide 
a. Compatibility with Combustion Species 
The equilibrium composition of a mixture of the combustion products of 
OF /B H and a 20:1 weight addition of boron carbide (B C) is given in Table XX 
behavior of B C is similar to that of graphite, in that some amount of carbon bearing 
reaction products are predicted at all temperatures. Boron carbide would be inert to 
attack by boron wall deposits, but would react with B203- 
2 2 6  4 
4 
4. Boron Nitride 
a. 
6 
e It is not possible to determine potential reaction by looking for%he 
ing species, because there are many boron species present in the 
The composition of equilibrium mixtures of boron nitride with OF /B H 2 
nominal combustion products. However, reactions or decomposition of BN may be indicated 
by the presence of nitrogen bearing species. Examination of the equilibrium compositions 
'listed in Table XX , reveals some very small amounts of NH and N at  1000°Ro The 
amount of these species is at a constant value at 2000% and 3800°R, and the amount of 
solid BN is greater at these temperatures than at 1000°R. This behavior probably 
indicates insi nificant reactions at these temp ratures. The presence of small amounts 
of N2 at 4000 R and 5000 R may indicate slight reactions, vaporization or dissociation. 
2 
8 0 
b. Compatibility with B2 
Boron nitride was predicted to react with B 0 at  4300°F (475O0R) 2 3  according to the equation: 
+ BN = 3B0 + 1/2N2 
c- Compatibility with Boron 
oron nitride would be inert to boron w 
d. Compatibility with Hydrogen 
Boron nitride wou react with hydrogen at temperatures a 
0 2808 F, but the. rates are not known since heterogeneous reaction rates c 
theoretically. 
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5. 
a. 
compatibility of tungsten with theoproducts of OF / is very 
good, as shown equilibrium composition at 6500 R shown in Tabfe 0 only 
small amounts of W F  or tungsten oxides are predicted, implying little reactiono Tungsten 
borides were not included in this calculation because of the lack of thermodynamic 
properties, which also precluded calculating the compatibility of tungsten with boron 
or B203" 
be Compatibility with Hydrogen 
Tungsten does not react with hydrogen at any temperature. 
6, Summary 
The results of the thermochemical analysis lead to the following conclusions: 
a. Of the materials evaluated, tungsten is the least reactive with the combustion 
products of OF /B2HSe Tungsten has the disadvantage: of high density (19.3 gm/cc) and 
marginal ductifity, despite its high melting point (6120 F) and resistance to chemical erosion. 
b. The feasibility of using graphite as the thrust chamber material for 
OFz/BzH6 must be evaluated by engine test firings, since the rates of predicted 
reactions are  unknown. Graphite has the advantage of low density (1.5 - 2,2 gm/cc) 
and a very high sublimation temperature (660Q'F). Toughness or effective ductility of 
graphite is attainable with composite graphitic structures such as Carb-I-tex. 
e. Bdron less reaction 
combus roducts of erature of 4000 
for use in intermediate 
e in its chemical 
to lower temperatures 
so be of coneern- 
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C. Thrust Chamber Concepts 
Various types of thrust chamber construction and cooling were ev uated in order 
to devise thrust  cha r concepts to meet the following requirements: 
ropellants: 
Thrust (space): 1000 lbs 
Chamber pressure : 100 psia 
Mixture ratio: 3.0 
C* efficiency: 95 percent 
Firing duration: 1000 seconds 
1, Graphite - Film Cooled 
The feasibility of using graphite thrust chambers must be evaluated by test 
firings since the preceding section indicates possible chemical erosion, but does not 
answer the quesaon of reaction rate. Reaction with the combustion gases could be excessive 
for wall te2peratures as low as 3000 Fe It is not possible to keep the wall  temperature 
below 3000 F by film cooling with reasonable amounts of film cooling or propellant 
stratification. For example, the analysis of Reference 15 shows that 40 percent of the 
propellant would be required in stratified flow (mixture ratio = 1.0) along 
1K chamber to reduce the boundary layer temperature at the throat to 500 
The performance loss ex ected for even larger amounts of boundary layer cooling 
required to obtain a 3000 F boundary layer temperature would be unacoeptable. 
0 
g 
2, Conduction Cooling 
Conduction cooling is achieved by conducting heat from the throat through a 
high thermal condue chamber wall to a low wa temperature region near the 
injector. The low mperature is obtained by lm cooling from the injector, 
ordinarily by a liq effectiveness of c 
tendency of the liq off of the wall as 
point of the fuel. 
film is also Tow because of mixing with 
ing is limited by the 
erature exceeds the boiling 
ling effectiveness of the gaseous film dow tream of the liquid 
e  omb bust ion gas core. 
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A pyrolytic graphite/Carb-I-tex chamber has characteristics of very 
rvious wall which permits good sealing at the injector attachment, and 
erosion rates of any type of graphite materiale The thickness b€ pyro 
graphite which can be produced in this configuration is limited to a thickness/radius ratio 
of approximately 0. l oo  The inside wall temperature at the throat will approximately equal 
the Zoea1 boundary layer temperature within 60 seconds and therefore the erosion rates by 
e products of may be excessively high. 
4. Edge Oriented Pyrolytic Graphite 
A thrust chamber made of stacked washers of pyrolytic graphite would have 
the greatest durability and lowest erosion of any graphitic material. 
The restart capability and low erosion of such a nozzle designed and fabricated 
by Marquardt was recently demonstrated by the AFRPL (Reference 18) during test firings 
with CIF3/Hydrazine blend. Pyrolytic graphite in the edge oriented configuration has 
very high thermal conductivity in the radial direction, so that the inside wall  temperature 
of the lK nozzle would require about 300 seconds to reach steady state temperatures. 
The allowable erosion would probably not be limited by the thickness of the 
pyrolytic graphite, unlike the case of the ppolytic graphite coating on Carb-I-tex. 
Nonetheless, the chemical erosion rates might be great enough to degrade performance. 
The weight of an edge oriented pyrolytic graphite nozzle of the size shown in Figure 61, 
a contraction ratio of 2.0, and an outside diameter of 8 inches, would be 32 pounds, an 
acceptable weight for a 1K engine, 
5. Regenerative Cooling 
The results of the heat transfer analysis (Figure 67) show that the inside 
0 wall temperature of a lK thrust chamber could not be cooled below 4500 F by regenerative 
cooling with liquid B Therefore, some composite design would be required which 
would use high te e coatings or a temperature inner wal 
thermal conductivity to transfer heat to a ~egeneratively cooled outer 
ncluding therma 
on of an inner w 
the inner wall, heat storage 
h would be resistant to chemical 
erosion. 
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7. Radiation Cooling 
A radiation cooled thrust chamber must ]have a thin, high conductivity, impervious 
wallo The chamber material must be resistant to thermal cyclic fatigue. 
Tungsten might be considered for a radiation cooled thrust chamber, Howeverg 
its resistance to thermal cycling and shock loading is questionable. 
Wire wound tungsten has been tested with some success as a throat insert 
(Reference 191, 
Its structural integrity as a free standing chamber is not known. 
8. Transpiration Cooling 
Transpiration cooling with liquid B H would be difficult to achieve because 
of decomposition of the diborane. Furthermore, qranspiration cooling with any liquid 
has the problem of controlling the liquid flow rate. Film cooling of the chamber wall 
from many closely spaced injection slots would avoid some of the disadvantages of trans- 
piration cooling. However, neither scheme is particularly attractive. 
2 
9. Endothermic Cooling 
Endothermic cooling of a rocket nozzle has been demonstrated recently a t  the 
3000 pound thrust level by test firings at the AFRPL. The endothermic nozzles were 
fabricated by arquardt using pyrolytic graphite was rs, although the cooling concept is 
applicable to many other types of nozzle materials. st results are presented in 
Reference 18. 
The principal heat transfer mechanisms operative in an endothermically cooled 
nozzle are shown schematically in Figure 69. 
phase changes is packed into the coolant stora 
washers. The endothermic coolant ideal y has gaseous reaction products which pass through 
exit slots and into the boundary layer, providing a f i  
material which will absorb heat by endothermic 
cavities within the pyrolytic graphite 
cooling effect. 
rmic coolant is to keep 
be without the endo 
e combustion gas will be 
eliminary analysis was made of icability of endothermic cooling to 
engine. The results of the re that pyrolytic graphite 
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washers could 
The chemical erosicn rates of 
ugh this could n 
e at the temperatures mentioned 
might be acce dicted without test firing data. 
The preliminary design results were based on heat loads undiminsihed by film 
cooling. Hence, engine per€ormance would not be penalized by the cooling system, unlike 
the situation encountered with film cooled engines. 
10. Pyrolytic Boron Nitride 
Boron nitride appears to be less reactive in the combustion products of OF /B H 
than graphite to at least 4000°R. Furthermore, it may be completely nonreactive with 
selected species such as B20 and boron which will be present in very large amounts along 
the chamber walls which are  &lm cooled by B2Hge Boron nitride can be made as a pyrolytic 
deposit by Raytheon Co. with isotropic physical properties and in much greater thicknesses 
than anisotropic boron nitride or anisotropic pyrolytic graphite. However, it is unlikely 
that a combustion chamber could be made entirely of BN without excessive amounts of film 
cooling because of its relatively low sublimation temperature (5400'F or less). Boron 
nitride might be valuable in constructing a composite thrust chamber, however. The boron 
nitride could be used in the chamber section adjacent to the injector which could be film 
cooled without excessive amounts of cooling. The boron nitride would be inert to deposits 
of boron or boron oxide in this region. 
2 2 6  
11. Composite Chamber 
The results of the thermochemical and heat transfer ana ysis lead to the con- 
clusion that a composite chamber design of the type shown in Figure 90 would be applic 
e boron nitride chamber iner would be kept elow 4000°F with 
cooling. The expansio 
since the chemical erosion rates ~ ~ ~ o p o r t i o ~ l  o static
4 
1- Fabrication techniques have bee monstrated for several different pyro 
refractory composite thrust cha r components including: 
a. 
b. PG infiltrated carbon felt. 
eo 
do Multilamina pyrocarbide alloys. 
e. Pyrocarbide infiltrated carbon felt. 
f. 
PG vapor deposited on Garb-I-tex, 
PG infiltrated high modulus carbon fiber (Thornel). 
Free standing PG filament wound with high modulus carbon fiber 
(Thornel) and infiltrated. 
2, New material concepts which were explored for application to rocket thrust 
chambers, but require additional development, include: 
a. 
be 
c. 
d. 
Vitreous carbon reinforced with carbon fiber. 
Copper impregnated isotropic graphite as a conduction coaled liner 
in a PG/Thornel structural shell. 
Silicon nitride infiltrated carbon felt. 
Metal/carbon joints formed by plasma spraying or electroforming 
nickel on carbon fiber composites. 
3. Test firing of PG lined thrust chambers with FLOX/rnethane demonstrated 
the structural soundness of these pyrolytic refractory systep~s. 
4. rolytic graphite erosion rates in FLOX/methane were small but finite 
and sensitive to injector design and fue film coolant distribution. 
5 ,  ermal stress analytical studies provide an approach to optimizing 
wall thickness to handle cold, transient heating and steady state stress 
distribution in free standing composite thrust chamberso 
6, Thermochemica analysis of ~ a ~ ~ i a ~ s  for the O F 2 / ~ 2  opulsion system 
have indicated that two materials w 
may be made by chemical vap 
composite structures e 
s than graphite a re  tun itride, Both of these 
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TABm 1 
EXPLANATORY NOTES FOR FIGURE 11-1 
Contract Note 
NAS7-54 
NA S7 -5 4 
NAS7-54 
NA S 7 -5 4 
NA s7 -555 
NAS7-555 
AFRPL 
(Ref. 1 4 )  
NAS7-555 
NAS7-555 
Ref. 14 
AFRPL(Ref 14)  
IRm 
NAS7-555 
1. 
2. 
3. 
4. 
5 .  
6. 
7. 
8. 
9. 
10 0 
ll. 
12 D 
13 Q 
Pure boron ni t r ide chanibers f i red  as throat inserts w i t h  
NgO4/Wdrazine blend, 
Boron doped FG essentially the same erosion rate as PG i n  
N204/Eydrazine blend, 0.2 mil/sec e 
Pyroid was a 1/2-inch thick wall FG chamber with uncontrollable 
delaminations. Not considered a practical  fabrication approach. 
Erosion greater than PC e 
The first  40:l exit FG chamber made. 
thickness control very good. 
PG quality and wall. 
Test f i r i ng  w i t h  N204/Hydrazine blend gave l/3 FG erosion 
rate .  One chamber f i r ed  3oJs seconds, 
Test f i r ed  300 seconds a t  100 psia plus 18 seconds a t  200 ps i ,  
Fourteen chambers f i r ed  with N204/HYZ, t o t a l  run time 1022 sec. 
Fourteen chambers f i r ed  with LF2/BA1014, t o t a l  run time 567 sec. 
Eleven chambers f i red  with LF2/G%, t o t a l  run time 305 sec. 
Wall thickness 0.25 inches, f ive  laminae, 20 w t  $ Z r  i n  outer 
laminae w i t h  pure FG inside. Proof pressure fa i lure  by crack 
i n  inner lamina. 
Fired fo r  60 seconds with erosion a t  throat of 0.2 mil/sec. 
Three laminae, 0,125 wall thickness, f i red  137 seconds. 
Wall thickness = O.OjO-in. ,  fa i lures  during vibration tests, 
Filament wound carbitex 713 walls, 1/4-inch thickness, with 
several internal delaminations. 
Carbon f e l t  impregnated with E, machined t o  f i n a l  shape with 
0 , l O  wall, then recoated internally with 0.QO E. 
Iirfpregnated carbon f e l t  cracked on cooling. 
5% 
TABLE I (Continued) 
EXPLANATORY NOTES FOR FIGURE 11-1 
Note -Contract 
AF04(611)-10790 14. Four chambers f i r ed  t o t a l  of 2000 seconds. 
Ref, 17 15. Fired 300 Sec. 
NAS3 -11215 16. Mx&m.tn run time 322 seconds, throat erosion r a t e  0.12 mil/sec. 
17. Design goal, 1800 sec. f i r i ng  a t  100 psia. 
Ref. 7 18. Scheduled fo r  f i r i ng  a t  100 psia.  
FOlc(61l)-7O-C-0007 19. 
rJAS7-555 20. E impregnated carbon f e l t  ( R E )  machined t o  f i t  over f ree  
To be f i r ed  a t  100 psia with ClF?/non-deposit fuel.  
standing FG chamber and bonded pyrolytically. 
NAS7-555 21. Thornel-50 (carbon yarn) wound over FG chamber and bonded by 
E inf i l t ra t ion .  Composite tens i le  strength over 5O,OOO ps i ,  
rJAS7-555 22. Thornel-50 (carbon yarn) wound over PG chamber and bonded by 
resin impregnation and pyrolyzed. Lower strength and higher 
external oxidation than 22 above. 
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TABLE I1 
Run 
No. 
MRS-50 
MRS -51 
MRS -52* 
MRS -53% 
MRS -54 
MRS -55 
MRS-56 
MRs-57 
MRS-58 
m - 5 g c  
MRS-~O* 
ms-61t 
~ ~ ~ - 6 2 t  
MRS-63 
MRS-64 
ms-65 
~ ~ s - 6 6 ~  
~ ~ s - 6 7  
THRUST C W E R  PROCESS DATA 
lepos it ion 
Cemperature 
("(9 
1850 
185 0 
185 0 
1850 
1850 
185 0 
1825 
1825 
1825 
1825 
1825 
1825 
1825 
1825 
1825 
1825 
1825 
1825 
10 
10 
10 
10 
10 
10 
7.5 
6,o 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
- 
CH4 - 
2.4 
2.4 
3.0 
3.0 
2.4 
2.4 
2.4 
2.4 
2.4 
2.4 
2.4 
2.4 
2.4 
2.4 
2.4 
2.4 
2.4 
2.4 
- 
Gas Flow Rates 
(1pLI1) - 
A 
0.5 
-- 
-- 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 - 
0.15 
-- 
-P 
0.2 
0.15 
0.15 
0.17 
0.15 
0.15 
0.15 
0.15 
3.15 t o  0.05 
3.15 t o  0.05 
0.20 
0.13 
0.15 
0.15 
0 2 5  
*mle mndrel deposit 
tRadially graded composition 
*Hafnium alloy 
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TABLE I11 
THRUST C-ER PHYSICAL PROPERTY DATA. 
RWn 
No e 
MRS-50 
MRS -51 
MRS -56 
MRs -57 
MRS -58 
MRS-62 
MRS-65 
~ ~ s - 6 7  
)os it ion 
( in .  ) 
0 
12 
0 
12 
Bottom 
Top 
Bottom 
Top 
Bottom 
Top 
Bottom 
T o p  
Bottom 
Top 
Bottom 
T o p  
Mandrel 
AT J 
AT J 
AT J 
AT J 
AT J 
AT J 
AT J 
AT J 
AT J 
AT J 
AT J 
AT J 
ATJ 
AT J 
A T J  
A T J  
27.5 
29.0 
0 O 1 %  
11.6 
11.8 
11.5 
8.0 
10.0 
10.1 
10.6 
12.1 
15.8 
14.5 
14.7 
14.4 
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TABLE IV 
THICKNESS PR0FII;ES 
(Inches ) 
MRS-50 (Throat Diameter = 0.770 Inches) 
DISTANCE FROM 
(Inches ) 
INGET (BOTTOM) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
-(....s Throat 
12  (TOP) 
0" 
0.402 
0.367 
0.372 
0.371 
0.367 
0.353 
0.325 
0.272 
0.238 
0.185 
0.113 
0 0 133 
90" 
0.403 
0.366 
0.368 
0.373 
0.371 
0.357 
0.325 
0.272 
0.234 
0.180 
0.133 
0.U4 
180" 
0.402 
0.365 
0.367 
0.373 
0.366 
0 0 353 
0.325 
0 9 275 
0.239 
0 e 174 
0.137 
0.114 
IvRS-51 (Throat Diameter = 0.950 Inches) 
6 
8 
9 
10 
11 
Throat 
0.295 
0.350 
0.330 
0.295 
0.245 
0.210 
0 9 195 
0.165 
0 e 135 
0 a 120 
0.265 
0.310 
0.280 
0.245 
0.210 
0.180 
0.180 
0.150 
0.130 
0.320 
0.110 
0.090 
0.260 
0.300 
0.350 
0.345 
0.300 
0.245 
0,210 
0.200 
0.170 
0.150 
0,130 
0.100 
270" 
0.399 
0.367 
0.373 
0.375 
0.366 
0.351 
0.325 
0.270 
0.238 
0,195 
0.131 
0.110 
0.285 
0 0 275 
0.325 
0.345 
0.310 
0 0 255 
0 e 215 
0.2G5 
0 * 175 
0 e 145 
0 125 
0,100 
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TABLE IV (Continued) 
THICKNESS PROFILES 
(Inches - +O. 003 ) 
MRS-56 
DISTANCE FROM 
(Inches ) 
INIXT (BOTTOM) 
0 (Bottom) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
+Throat 
0 (Bottom) 
1 
2 
3 
4 
5 
6 
7 
8 
Throat 
9 
10 
11 
O0 
0.118 
0 113 
0.108 
0.107 
0.107 
0.106 
0.098 
0.096 
0.093 
0.078 
0.056 
0.040 
90 O 
0.U8 
0.113 
0.106 
0.106 
0.1% 
0.16 
0.098 
0.097 
0.096 
0.086 
0.065 
0.042 
MRS-57 
0.176 
0.168 
0 e 148 
0.147 
0 e 149 
0,152 
0 149 
0 e 144 
0,140 
0 e 125 
0.066 
0.094 
0 0 177 
0 172 
0.148 
0 148 
0,150 
0.152 
0 e 149 
0 e 144 
0,138 
0,085 
0, @9 
180" 
0 e 115 
0.108 
0.104 
0,106 
0.104 
0.103 
0.098 
097 
0.095 
0.083 
0.061 
0.042 
0.176 
0 167 
0.148 
0 e 147 
0 e 147 
0.149 
0 147 
0 142 
0,140 
0.1ll 
0.072 
270" 
0 e 115 
0 e 110 
0,106 
0.107 
0.106 
0.106 
0. 098 
0.098 
0.093 
0.075 
0.050 
0.038 
0 177 
0.172 
0 147 
0 e 146 
0,149 
0.150 
0 146 
0 e 1 4 1  
0 141 
0 ,112 
0.083 
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TABLE IV (Continued) 
THICKNESS PROFILES 
ms-58 
DISTANCE FROM 
INLET (BOTTOM) 
(Inches ) 
0 (Bottom) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
-Throat 
0 (Bottom) 
1 
2 
3 
4 
5 
6 
Throat 7 
8 
9 
0" 
0.190 
0.156 
0 * 173 
0.154 
0.154 
0 e 155 
0.151 
0.148 
0 e 143 
0.119 
0.087 
0.060 
0 0 175 
0 e 170 
0 * 153 
0 * 155 
0.156 
0 163 
0.152 
0,151 
0,126 
0 e 144 
90" 
0 e 183 
0.150 
0.151 
0.151 
0 9 153 
0.150 
0.146 
0.146 
0.133 
0.lQ 
0.070 
0.171 
MRS-62 
0.176 
0.168 
0.158 
0.159 
0.162 
0.153 
0,152 
0 147 
0.130 
0.154 
180" 
0 e 178 
0 e 165 
0.150 
0.150 
0.151 
0.151 
0.149 
0 143 
0 e 143 
0.140 
0 116 
0.068 
0 173 
0.164 
0 * 153 
0 * 155 
0.160 
0,156 
0,151 
0.138 
0 . ~ 9  
0 0 157 
270 O 
0 e 181 
0.152 
0.150 
0.150 
0 ., 171 
0.148 
0.147 
0 e 145 
0.142 
0.121 
0.0g0 
0,060 
0.172 
0.163 
0.153 
0.156 
0,157 
0.159 
0 e 155 
0,151 
0.137 
0 8 111 
TABLE IV (Continued) 
THICKNESS PROFIUS 
(Inches - 3.0.001) 
~ ~ s - 6 5  
DISTANCE FROM 
INI;ET (BOTTOM) 
(Inches ) 
0 ( B o t t o m )  
1 
2 
7 
8- Throat 
9 
10 
To?? 
DISTANCE FROM 
(Inches ) 
INLET (BOTTOM) 
0 (Bot tom)  
1 
2 
3 
4 
5 
6 
Throat 
7 
8 
9 
10 
TOP 
0" 
0.208 
0 0 175 
0,156 
0.156 
0 9 155 
0.155 
0.150 
0.144 
0.138 
0 ~ 9  
0.067 
0.054 
(Inches 3.0.002 ) 
msr67 
0" 
0 171 
0.150 
0.147 
0.148 
0,148 
0 145 
0.139 
0,137 
0 134 
0.130 
0,101 
0.077 
90" 
0.170 
0.152 
0.149 
0 e 147 
0 e 148 
0 e 146 
0 138 
0.138 
0.131 
0,103 
0,080 
0.137 
180" 
0,208 
0 e 179 
0.158 
0.158 
0.158 
0.158 
0.150 
0 a 146 
0.136 
0.108 
0 e 064 
O.@O 
180" 
0 e 169 
0.152 
0 148 
0 e 148 
0 a 148 
0 e 145 
0.136 
0.136 
0 a 129 
0.134 
0.102 
0,078 
~ 
2700 
0 a 169 
0.152 
0.146 
0,148 
0 e 148 
0.145 
0,139 
0,137 
0,136 
0 * 132 
0.105 
0.078 
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TABLE V 
PROCESS DATA FOR FELT IMPREGNATION 
RUN NO* 
w-1 
w - 2  
w -3 
w-4 
w-5 
w - 6  
w-7 
w-8 
w - 9  
IQF-10 
DEP e 
TEMP 
( " C )  
1200 
l l o o  
1100 
15 00 
15 00 
15 00 
135 0 
135 0 
135 0 
135 0 
20.0 
20.0 
10.0 
10.0 
10.0 
5.0 
5.0 
5.0 
10.0 
10.0 
GAS FLOW RATES (lpm) 
0,6 
0 ~ 6  
0.6 
1.0 
2.0 
2.0 
3.0  
1.0 
1.0 
1.0 
A 
0.1 
0.1 
0.1 
0.5 
0.5 
0.5 
0.5 
0.25 
0.25 
0.25 
TABLE V I  
AVERAGE PHYSICAL PROPERTIES 
0.1 
0. 05 
0.05 
0. 05 
0. 05 
0.05 
0.25 
0.25 
0.25 
0.10 
w -5 1-07 1.67 
w - 6  1.05 1.67 
4.1 
3 03 
w-7 1.12 ~ 8 0  24.1 
Mp-10 1 1.22 1 1.69 1 27.5 
Middle 
Middle 
Middle 
Middle 
TABLE V I 1  
LOCAL DENSITY OF RUN NO, IQF-5 
iQF-5 Inside 1.13 1.12 1.23 
Outside I 1,lO 1 I l e 0 2  I I 0,86 [ 
TABLE V I 1 1  
FIXXU333 STRmGTH 
(4-point loading - 1 inch upper span, 2 inch lower span) 
RUN NO. 
MQF-6 
MQF-10 
TEMPERATURE ( "C)  
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
1800 
1800 
1800 
1800 
1800 
TABLE M 
3610 
4440 
3670 
3700 
4290 
3670 
3900 Average 
3900 
4690 
703 0 
4740 
5700 Average 
6045 
5715 
8205 
73 00 
473 0 
6485 
6490 Average 
PROCESS DATA - I'+DNOLITHIC DEPOSITS 
TABU X 
RESULTS OF NOL RING TENSILE TESTS OF PG/THORNEL-~O COMP~ITES 
I 
Spool 
No e 
1 
- 
2 
3 
4 
Position and Thickness 
D; 0.05 in ,  over 
Description o,20 in felt A; 0.050 i n .  B; 0,lO in. C; 0.20 i n ,  
Tensile Stress 
I 1 
25.6 
13.7 1 26.4 Standard composite 
I 
Chopped carbon 48.2 9.2 
fibers added 33.6 26.5 
Yarn roughened 7.6 10.8 
during winding 22.2 15.8 
Furfural and 14.5 22.8 
carbon black added 24.7 15.9 
( m i ) ;  TWO Specimens 
10.9 
10.1 
9.0 
5 97  14.9 9.4 
9.1 
8,2 
11.1 
13.0 
8.6 
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TABU XIY 
SUMMARY OF AVERAGE THRUST CHAMBER THROAT EROSION DATA, 
TEST m I O D  I1 -- DEC-R 1968 TO FEBRUARY 1969 
Chamber 
Type 
~ 
Jopper, L* = 12 in .  
Zopper, L* = 12 in.  
POCO Graphite 
= 30.48 cm 
= 30.48 cm 
E Streak 
E Streak 
PS Streak 
Mult ilamina 
PG/Carb it ex 
PS/Carb it ex/ 
H;/Carb it ex/ 
FCr/ C arb it ex/ 
RFG Altitude 
R F 5  Altitude 
R E  Altitude 
TJOTES : 
Chamber 
Number 
-- 
-- 
poco 2 
SL 11 
SL 1 
ms 58 
Carbitex SL-1 
Carbitex SL-3 
Carbitex SL-3 
Carbitex SL-3 
Run 
Nmber 
20 
21 
io, u, 18 
13 
14 
15 
17 
22 
25 
26, 27 
28, 29, 30 
Run 
Duration 
s ec 
63.7 
67.5 
22.9 
20. 
15 * 
60. 
40 a 
59.8 
107. (2)  
Throat 
Diameter 
Before 
RUn 
in  a 
(a) 
0.8232 
(2 * 0909) 
0.8428 
(2 1407 
0.8188 
(2 0798 ) 
0,8258 
(2,0975) 
(2.IJ-96) 
0.8277 
(2.1024) 
0.7907 
(2 0 0084 
0 * 8553 
(2.1724 ) 
0.8042 
(2.0427) 
(2.1166 ) 
0.8609 
(2 ~ 8 6 7  ) 
0.8345 
0.8333 
(1) RW 10 (30 see),  Run 11 (60 see), Run  18 (90 see)  
( 2 )  Run 26 (47.5 see), R u n  27 (59.5 see)  
(3)  R u n  28 (71.3 sec),  Run 29 (68.2 see), Run 30 (15.7 sec)  
(11 ) Hole burned i n  vicini ty  of throat 
Throat 
Diameter 
After 
Run 
i n  e 
(a) 
0.8428 
(2 ~ 4 0 7 )  
0.8845 
(2 2466) 
0.8150 
(2.0701) 
(2.1026) 
0.8278 
0.8440 
(2.1428) 
(2.1247 ) 
0.8365 
0.8135 
(2.0663 1 
0.8572 
(2 J773 
0 8333 
(2.1166) 
0.8609 
(2.1867) 
o.gcd4) 
(2.3012 ) 
Erosion 
Rate 
mil/sec 
( cm/s ec ) 
0.154 
(0.000391 ) 
0*3@ 
(0.000785 ) 
0 
( 0 )  
0.044 
(0.000712 ) 
0.238 
(0.ooot;q) 
0.25 
0.19 
0.024 
(0.000061) 
0.243 
(0.000635) 
(0.000482 ) 
(0.000617) 
(0.000328) 
0.lQ ( ) 
(0.000368 ) 
0.129 
T A B U  XV 
r 
RUn 
No 0 
ll 
13 
14 
17 
18 
EX’I’ENDED RANGE FILM TEMPERATURE DATA, TEST P E R I O D  11 TESTS 
- 
“F 
2760 
273 0 
2880 
315 0 
2700 -
RUn 
U a t i o n  
s ec 
65 
22.9 
20.9 
60 
8 1 ~  
Chmber 
POCO No. 2 
m SL-11 
FG SL-1 
rfyrocarb ide 
MLLt ilaslinar 
MRS -58 
POCO No. 2 
Remarks 
Measurement taken a t  
internal  surface of exi t  
External surface a t  throat 
External surface at  throat 
External surface a t  throat 
(See Note 1) 
Same as Run ll 
NOTES : 
1. Temperature measurement questionable due t o  fogging 
of‘ camera window. 
2. Tests of the 100-pound FLCIX/Methane engine. 
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N NUYS CALIFORNIA 
TABLE XVII 
STJMMARY OF STRESSES rn Z r C / X  COMPOSITE THRUST CHAMBERS 
Zr-C  
Distribution 
0% insiae 
3% outside 
l inear  
3% inside 
0% outside 
l inear  
3% constant 
0% constant 
(me E) 
0% inside 
12% middle 
O$ outside 
0% inside 
30$ outside 
l inear  
0% inside 
3% outside 
l inear  
5% Z i t z e  
l inear  
Temperature 
Distribution 
Transient a t  
300 seconds 
into run 
5 2 8 0 " ~  - i n  
Transient at  
300 seconds 
into run 
5 2 8 0 " ~  - i n  
Transient at  
300 seconds 
into run 
3280"~  - i n  
2350°F - O u t  
Transient at  
300 seconds 
in to  run 
5 2 8 0 " ~  - i n  
Transient a t  
300 seconds 
in to  run 
5 2 8 0 " ~  - i n  
4500°F - i n  
2350°F - O u t  
2350°F - O u t  
2 3 5 0 0 ~  - out 
2350°F - Out 
2230°F - O u t  
l inear  
4500°F - i n  
2800"~  - out 
l inear  
4000°F - i n  
2500°F - O U ~  
l inear  
ID 
( i n - :  
1.4 
1.4 
1 .4  
1 .4  
1.4 
1.4 
1.4 
2,8 
t 
( in , )  
0.24 
0.24 
0.24 
0.24 
0.24 
0.24 
0.12 
0.24 
Circumferential Stress 
(I 
Ins ide 
-10 , 000 
-80,500 
-71,200 
-27,300 
-20 , 800 
-15 , 800 
- 2,700 
- 3,500 
i> 
Outside 
28,500 
39,200 
599300 
22 , 200 
26,700 
22 , goo 
8,300 
8,400 
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V 7 82 6-3 A 
pi 
0 
k 
0 
0 
r i  
0 
i 
75 
Report S-989 
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O/F = 3.0 
SPECIES 
H2 
B l F l O l  
B l F l  
FlHl 
W 
E O 1  
BD3 
BU2 
B l H l  
B l H l O l  
B lHl02  
BlH2 
BlH202 
B1K3 
BlK303 
B102 
B2 01 
BO 
B2 
~ 2 ~ 6  
~2 03 
B3F3 03 
B 3 B  c6 
B5H9 
B202 
TABLE XXIII 
TUNGSTEN EQUILIBRIUM W I T H  OF2/B2% 
P, = 100 PSIA T = 65000~ Weight Ratio = 20:l 
MOLE 
FRACTION 
0.303943 
0.196603 
0.2 06151 
0 e 2616253 - 02 
O 6728093- 01 
0.4931603- @ 
0.4279573-02 
0.903 0033- 02 
0 a 2879153 - 04 
O e 4566803- 03 
0 e 1176793- 02 
0.10843 9E - 03 
0.13 (3'79 03 - 06 
0 7195953- 06 
0 a 1723 OOE- 08 
0 e 3493163- 03 
0.274693E-04 
0 e 4575903 - 01 
O e 8847833- 08 
O e 28243 OE-I~  
O 6358783 - 03 
0 2085 893 - 03 
0 1802 003- 08 
0,6424873-17 
0,2427823-32 
SPECIES 
B10HL4 
FlHlOl 
F lOl  
F2 
F1 
F201 
Hl 
a02 
mol 
H202 
01 
02 
03 
rn6 
wo 
w02 
wo3 
w206 
w308 
w309 
W4012 
~203* 
rn 
W* 
w02* 
* Solid 
MOLE 
FRACTION 
0.0 
0.3410743 -08 
Oe825796E-09 
0,103262~-08 
0.1777283-02 
0.4202413-14 
0.158610 
O.131397E-08 
0 e 7 002853 - 03 
0.187245~- Og 
0.2 063673 -03 
0.7012333 - 06 
0 3 979063-14 
0 9 9072793- 03 
O.818037~-15 
0.2840713-04 
0 e 4533573-03 
0 0 3 0983 13- 07 
0.8841903-12 
0 6025 8OE -17 
0 e 2155 803-19 
OD 4774673-27 
0 2384193- 06 
0.491960 
-0 1080333- 06 
80 
z V8493-18 
Report S-989 
Throat ID 0.323 in. 
Chamber ID 1,420 in. 
Wall Thickness 0.050 in. 
Exit Expansion 1.66:l 
0.1123 in. Throat ID 
Chamber ID 1.420 in. 
Wall Thickness 0,050 in. 
Exit Expansion 12:l 
- 
CONFIGURATION C, Dwg. X7.4397, SEA LEVEL 
Throat ID 0.323 in. 
Chamber ID 1.420 in. 
Wall Thickness 0.250 in. 
Exit Expansion 1.66:l 
-t- t-  . 
CONFIGURATION 0 .  Ow. X24836. SEA LEVEL 
Throat ID 0.823 in. 
Chamber ID 1.420 in. 
Wall Thickness 
Chamber 0.125 in. 
Throat 0.250 in. 
Exit Expansion 1.66 :1 
-+ --- 'I - 
CONFIGURATION E,  Dwg. X24835, ALTITUDE 
Throat ID 0.023 in. 
Chamber ID 1.420 in. 
Wall Thickness 0.250 in. 
Exit Expansion 12:l 
A -  - 
CONFIGURATION FS. Dwq. X24487. SUBSTRATE CONFIGURATION GS. Ow. X24837. SUBSIRAX 
Throat ID 0.90 in. Throat ID 0.90 in. 
Chamber ID 1-50 in. Chamber ID 1.50 in. 
Wall Thickness 0.250 in. Wall Thickness 0.250 in. 
Exit Expansion 3.1:1 Exit Expansion 13:l 
FIGURE 2. Layouts of Structural Thrust Chambers f o r  Pyrobond Fabrication Studies 
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A X l A L  DlRECTlON 
a = WRAP ANGLE 
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--.a RETURN WINDING PASS 
FIGURE 5 .  Schematic Diagram of Filament Orientation i n  a 
Carbitex Thrust Chamber 
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FIGURE 6, Dimensions of P y r o l y t i c  Graph i t e /Carb i t ex  Composite Test Cones 
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FIGURE 12, Dimensions of =/Thornel T e s t  Sample Spool 
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FIGURE 15e Resul ts  of Tens i le  Tests of PG/Thornel NOL Ring Specimens 
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A .  Full Cross Section (LOX) 
Be Polarized Light (5OX) 
FIGURE 16. IvEcrostmctwe of %/Thornel R2ag Specken 1C 
I 
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A. Full Cross Section (la) 
Be Polarized Light (?OX) 
FIGURE lye Herostructure of FG/ThornelRing Spechen 2 C  
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A .  FU~L Cross Section (10~) 
B. Polarized L Q h t  (5aX) 
FIGURE 18. Microstructure of PG/Thornel Ring Specben 3 C  
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A. Ful l  Cross Section (la) 
B. Polarized L igh t  (?OX) 
FIGURE 19, Microstructure of =/Thornel Ring Specimen 4 C  
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A. Spool N o ,  1, Polarized Light (75OX) 
\ 
B. Spool No. 2, Polarized Light (75OX) 
1 
FIGURE 20, Photomicrographs of Representative Sections of 
PG Inf i l t ra ted  Thornel, Spools Nos, 1 and 2 
PO0 
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A.  Spool No. 3 ,  Polarized Light (75OX) 
b 
B. Spool No. 4, Polarized Light (75OX) 
FIGURE 21, Photomicrographs of Representative Sections of 
PC; Inr i l t ra ted Thornel, Spools nos, 3 and 4 
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FIGURE 23.  PG Infiltrated Thornel-5O Carbon Yarn 
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FIGURE 29. Composite Chamber FLOX/L'PG 
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FIGURE 33, 100-pound Thrust Carbitex 713 Chamber$ 
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FIGURE 34, PG/Carbftex Thrust Chamber with RPG Nozzle -tension 
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FIGURE 35e X-Ray Photograph of %/Carbitex Thrust Chamber wi th  RPG 
Nozzle Extension 115 
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FIGURE 36, 100-pound Thrust FLOX/LFG Engine Assembly 
116 
-- 
VAN NUYS, CALIFORNIA 
-P a 
0 u 
c- 
M 

VAN NUYS, CALIFORNIA 
k 
a, 
8 e 
cn 
M 
E-VZV6 '93N 
VAN NUYS,  CALIFORNIA Report S-989 
12  0 
R e p o r t  S-989 
FIGURE 41, Filament Winding Setup for PGl Thornel Thrust Chambers 
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FIGURE 42 e Electrodeposited Nickel on R E / %  Cylinders before mchhing  
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A. Electrodeposited Nickel Layer on R E  
a f t e r  mchining (Fu l l  Size) 
Be Interface between Nickel and RFG (50 X) 
FIGURE 43 Electrodeposited Nfckel on RPG/PG Cylinder a f t e r  Machining 
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OD 
OD = 3.15 in.  
I D  = 2.15 to 2.35 in.  
L = 0.94 in .  
tPG 7 0.04 in.  
tRpG = 0.45 i n ,  
= 0.04 to 0.08 In. tN I 
FIGURE 44. T e s t  Specimen U s e d  f o r  Thermal Cycling Test of Bond 
of Electrodeposited Nickel on RPG 
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A B  Experimental Arrangement for 
Thermal Cycling Tests 
B o  Thermal Cycling Test in Progress 
FIGURE 45. Setup for Thermal Cycling Test of Electrodeposited 
Nickel on R E  3-2 5 
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OMPANY 
(200 x) 
Boxed Area (750 X )  
FIGURE 47. Photomicrographs of Plasma Sprayed Nickel - RFG Interface 
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FIGURE 49. Final Configuration, S/N 002 Injector 
12 9 
I-LS16 '33N 
1310 
I 
ox 
IN 0 -- 
FILM 
JETS 
'ERN 
I 
I 
REG ION OF 
MAX I MUM 
EROSION 
I 
EXPANDED VIEW OF INTERNAL CHAMBER WALL 
HEAVY EROSION 
1-1 REGION OF HIGH EROSION 
REGION OF NO EROSlON 
v a  SOOTY DEPOSIT OVER 
PG INTERLAYER 
FIGURE 51, Eroslon Pattern of PG Chamber S/N 006 arter T e s t  Run 45 
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FIGURE 52a ' Carbon Deposition i n  Sea Level PG Streak Chamber aftey 20 
Seconds F i P ~ g  
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FIGURE 33* Water Flow Test of a bbdified Injector Showing Film 
Spreading in  a Lucite Chamber, BP = 80 p s i  
3-33 
FIGURE 542 Spray Pattern from Cold Flow Tests of the  100-pound Thrust 
FLOX/M&hane Injector with 18 Fuel Film Holes 
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FIGURE 5 6 ,  FG/Carbitex Chamber with R E  nozzle a t e n s t o n  a f te r  322 
Seconds Ffring 
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FIGURE 57. HFC Coated Tantalum Tungsten Chamber 
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FIGURE 58e Predicted Transient Temperature Distribution i n  a ZrC  Composite 
Chamber Fired with FLOX/&th,ane 
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FIGURE 66. Enthalpy of Gaseous Diborane 
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FIGURE 69. Heat Transfer Mechanisms i n  an Endothermically Cooled 
Pyrolytic Graphite Nozzle 
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FIGURE 70. ComFosite k t e r i a l s  Chamber 
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